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SOMMAIRE 
La sélection sexuelle façonne la diversité du vivant par deux voies possibles : la sélection 
intersexuelle et la sélection intrasexuelle. S'il est bien évident que combiner les études portant 
sur ces deux voies d'action est le meilleur moyen pour comprendre la sélection sexuelle dans 
son entièreté, l'étude particulière de chacune d'elles reste une étape cruciale pour rendre 
compte de ses différents modes d’actions. Mon projet de doctorat suit une approche 
intégratrice pour répondre à ce besoin en ciblant à la fois les caractères phénotypiques sensés 
être sous sélection intrasexuelle, et les facteurs populationnels sensés modifier l'intensité de 
cette sélection. Mes recherches gravitent autour de la compétitivité pour l’accouplement des 
mâles d'une population sauvage d'un grand mammifère polygyne : le mouflon d'Amérique 
(Ovis canadensis). Cette population, sous forte sélection sexuelle, est idéale pour ce projet 
puisqu’elle est l’objet d’un suivi individuel détaillé depuis 1988 fournissant des données 
morphologiques et démographiques. Cette thèse se compose de quatre chapitres de recherche.  
Le chapitre 2 se concentre sur le rôle du phénotype dans la compétitivité pour l’accouplement 
des mâles. De façon indépendante et souvent expérimentale, les études montrent des liens 
entre le comportement reproducteur des mâles, leur morphologie, leur âge, et leur production 
de testostérone. Ce chapitre a donc pour objectif d’établir les relations entre ces trois niveaux 
phénotypiques en ciblant l’établissement du rang social, la longueur des cornes et la masse 
corporelle, et les concentrations fécales en métabolites de testostérone. Les résultats indiquent 
que le rang social est plus fortement lié à la production de testostérone qu’à la morphologie. 
De plus, la relation entre testostérone et rang social varie avec l’âge. Cette étude est un rare 
exemple d’intégration de plusieurs niveaux phénotypiques en nature dans le cadre de la 
sélection sexuelle.  
Le chapitre 3 explore les déterminants populationnels de la sélection intrasexuelle sur la 
longueur des cornes et la masse. La sélection est relative à un contexte de compétition donné. 
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Or, les conditions de compétition intrasexuelle varient selon la composition des populations. 
En ciblant le nombre de compétiteurs, le sexe ratio adulte, et la structure d’âge, ce chapitre 
montre que la fluctuation de la sélection sexuelle, rarement montrée en nature, est déterminée 
par le seul effet du nombre de compétiteurs. De plus, cette étude montre que la sélection 
sexuelle est subie différemment selon l’âge. Cette étude est une des rares à établir un 
déterminisme écologique de la fluctuation de la sélection en nature.  
Le chapitre 4 replace l’étude de la sélection sexuelle dans le cadre plus large de la sélection 
totale sur les caractères sexuels secondaires. La valeur sélective est la contribution individuelle 
au bassin génétique des futures générations et est donc la pierre angulaire de l’évolution par 
sélection. En ciblant la relation entre phénotype et succès d’accouplement, les analyses de 
sélection sexuelle ne documentent donc que partiellement la relation entre le phénotype et la 
valeur sélective. Cette étude montre que des effets paternels peuvent accroitre la survie des 
descendants et intensifier l’effet de la sélection sexuelle sur les caractères.  
Le chapitre 5 compare des indices et mesures de sélection sexuelle. Depuis les années 1980, 
les arguments pour ou contre l’utilisation de mesures approximatives de la sélection sont 
débattus. L’objectif ce chapitre est de mettre à profit les données du suivi de Ram Mountain 
pour tester empiriquement des prédictions quant aux relations entre indices et mesures de 
sélection. Les résultats montrent que la sélection réalisée sur la longueur des cornes ne 
pourrait pas être correctement approximée par les indices d’asymétrie du succès reproducteur 
ni l’opportunité pour la sélection.  
Mes recherches de doctorat contribuent à raffiner la compréhension des mécanismes 
écologiques et évolutifs de la sélection intrasexuelle. De plus, l’emphase sur le rôle de la 
structure de la population dans la dynamique évolutive des caractères sexuellement 
sélectionnés permet de comprendre les mécanismes par lesquels l’exploitation humaine 
comme la chasse peut modifier les pressions de sélection affectant les populations sauvages. 
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CHAPITRE 1 
INTRODUCTION 
1. Cadre théorique 
1.1. La sélection sexuelle 
La diversité des organismes vivants est présente à l'échelle spécifique, populationnelle et 
individuelle. Le processus de sélection naturelle proposé par Darwin (1859) pour expliquer 
cette diversité ne parvint cependant pas à expliquer l’existence des différences entre mâles et 
femelles d'une même espèce, ni plus précisément l’existence des caractères phénotypiques 
extravagants présents principalement chez les mâles1. Les cornes et bois chez des ongulés, les 
rostres, pinces et mandibules démesurés chez des arthropodes, ou la taille et la couleur de 
certaines plumes chez des oiseaux devraient être éliminés par sélection naturelle étant donné 
leurs effets potentiellement néfastes sur la survie de leurs porteurs. Ces différences 
phénotypiques intersexuelles, ne pouvant être expliquées par des différences de survie 
spécifiques aux sexes, menèrent Darwin (1871) à proposer la théorie de la sélection sexuelle. 
Contrairement à la sélection naturelle qui cible la survie des individus, la sélection sexuelle 
considère que les différences phénotypiques intersexuelles sont issues de la compétition des 
individus d’un sexe pour l’accès aux partenaires reproducteurs de l’autre sexe. 
Le paradigme de l’évolution repose sur la théorie de la sélection dont le cœur est le concept de 
valeur sélective. La valeur sélective est définie comme la contribution d’un individu au bassin 
génétique des générations futures, relativement aux autres individus de sa population. La 
                                                      
1 Dans une correspondance à Asa Gray du 3 avril 1860, Darwin fit part des failles de sa théorie 
de la sélection naturelle et écrivit avec humilité « The sight of a feather in a peacock's tail, 
whenever I gaze at it, makes me sick! » (La vue d’une plume de la queue d’un paon, chaque 
fois que j’en observe une, me rend malade). www.darwinproject.ac.uk 
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valeur sélective se compose donc de la survie et de la reproduction. À ce titre, la vision 
moderne de l’évolution considère la sélection naturelle comme la résultante de la sélection de 
survie et de la sélection sexuelle. L’évolution n’est possible que si une variation sur un 
phénotype héritable influence les performances individuelles en termes de valeur sélective, 
dans un contexte écologique limitant. Dans le cadre de la sélection sexuelle, la propagation des 
allèles codant pour des caractères phénotypiques est déterminée par l’importance de ces 
derniers dans le succès de reproduction des individus. La sélection sexuelle est donc le 
processus grâce auquel des caractères peuvent évoluer en influençant le succès de 
reproduction des individus qui les portent, relativement à leurs compétiteurs (Andersson 
1994). 
1.2. L’origine de la sélection sexuelle 
1.2.1. L’anisogamie 
La reproduction sexuée nécessite la fusion de gamètes mâles et femelles. L’évolution de ces 
deux types de gamètes est liée à leur dissemblance en taille et en masse, l’anisogamie. Parker 
et al. (1972) ont proposé que l’évolution de l’anisogamie résulte d’une sélection diversifiante 
sur un état d’origine isogamique. Ce modèle reste une référence et est supporté par un fort 
consensus malgré l’existence de théories concurrentes (Togashi et Cox 2011). Le modèle de 
Parker propose que l’apparition d’une variabilité en taille et en masse des gamètes soit censée 
mener mécaniquement à un polymorphisme allélique évolutivement stable produisant des 
macrogamètes et des microgamètes chez les organismes multicellulaires (Bulmer et Parker 
2002; Parker 2011). Cette modélisation de l’anisogamie se base sur la supposition d’une 
fusion aléatoire des gamètes et ne leur attribue pas de sexe. Sous l’hypothèse que la survie des 
zygotes soit fonction de la somme des masses des gamètes fusionnés, Parker (1978) et Bulmer 
et Parker (2002) montrent qu’une forte anisogamie génère une stratégie évolutivement stable 
de fusion entre gamètes dissemblables. Le fait que cette stratégie soit commune aux macro- et 
aux microgamètes est l’origine du rôle des sexes dans la fécondation. L’anisogamie pourrait 
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donc être à l’origine des sexes. Selon des théories concurrentes (Charlesworth 1978 par 
exemple) en revanche, l’apparition des sexes est décrite comme l’origine de l’anisogamie.  
Quelle que soit la théorie privilégiée pour expliquer l’évolution des sexes, la masse des 
gamètes est proportionnelle à l’énergie dépensée pour les produire et à l’énergie nécessaire à 
la survie du zygote. L’évolution de la fusion entre gamètes dissemblables implique donc de 
fait que les spermatozoïdes contribuent moins que les ovocytes à la survie des zygotes (Parker 
2011). En parallèle, le faible coût de production de chaque microgamète mâle, relativement 
aux macrogamètes femelles, est considéré comme la cause de leur production en grand 
nombre à un rythme plus élevé. Dans une population anisogamique, seule une faible 
proportion d’un grand nombre de spermatozoïdes pourra donc bénéficier de la forte 
contribution des ovocytes dans la production de zygotes viables. En conséquence, les 
spermatozoïdes sont en compétitions pour féconder les ovocytes. L’anisogamie implique donc 
pour chacun des sexes un investissement énergétique différent dans la production de gamètes 
qui est la cause originelle de la sélection sexuelle (Togashi et Cox 2011).  
1.2.2. Valeur reproductive résiduelle et compétition pour la fécondation 
L’investissement énergétique initial dans la production des gamètes ne détermine cependant 
pas totalement quel sexe serait une ressource, limitante par définition, pour l’autre sexe 
(Emlen et Oring 1977). Des coûts reproductifs additionnels doivent également être pris en 
compte pour définir quel sexe sera le plus limitant pour la reproduction de l’autre sexe (Kokko 
et Monaghan 2001). Ces coûts représentent tout investissement parental susceptible 
d’augmenter le retour sur investissement de la reproduction en cours aux dépens de la valeur 
reproductive résiduelle (Trivers 1972). La valeur reproductive résiduelle est la contribution 
espérée des individus d’un âge donné à la croissance future de la population (Fisher 1930) et 
représente la valeur sélective espérée des individus pour leur temps de vie restant. Ces coûts 
reproductifs peuvent être par exemple une dépense énergétique imposée par le nourrissage des 
descendants (Clutton-Brock et al. 1989), les comportements à risque pour l’accès aux 
partenaires reproducteurs (Hogg et Forbes 1997), ou des blessures imposées par les partenaires 
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reproducteurs lors de l’accouplement (Promislow 1992; Head et al. 2005). Le sexe ressource 
pour la reproduction n’est donc pas nécessairement celui qui subit le plus fort coût de 
production de gamètes, mais celui dont la capacité à investir dans sa future descendance est la 
plus limitée par les coûts reproductifs (Kokko et Monaghan 2001). Cette différence globale 
d'investissement dans la reproduction génère ainsi une compétition entre les individus du sexe 
investissant le moins, généralement les mâles, pour l'accès au sexe investissant le plus, 
généralement les femelles (Emlen et Oring 1977; Andersson 1994). L’importance de la 
mortalité liée à la reproduction est telle que sa différence intersexuelle explique que le 
dimorphisme sexuel augmente avec le degré de polygynie (Promislow 1992). 
La compétition pour l’accès aux individus du sexe opposé peut prendre deux formes. Dans le 
cadre d'une compétition où les mâles interfèrent directement pour féconder les femelles, la 
sélection est dite intrasexuelle. Dans le cas où les femelles sélectionnent les mâles avec qui 
elles se reproduisent, la sélection est appelée intersexuelle. Quel que soit le mode de sélection 
sexuelle, l'expression des différences phénotypiques entre les sexes est possible dès que les 
pressions de sélection appliquées sur les caractères liés à la reproduction sont différentes entre 
les sexes (Andersson 1994). Bien que le reste de cette thèse fasse référence à la compétition 
inter-individuelle post-copulatoire, il est nécessaire de mentionner qu’une part importante de 
la sélection sexuelle puisse également avoir lieu à l’échelle des gamètes. La sélection 
intrasexuelle est alors une compétition entre spermatozoïdes pour l’accès au(x) ovocyte(s), 
appelée compétition spermatique (Taborsky 1998). La compétition gamétique intersexuelle, 
dit choix cryptique, se traduit par la manipulation de la part de la femelle de la probabilité de 
fécondation d’un spermatozoïde selon son phénotype (Holman et Snook 2006).  
1.3. Diversité du phénotype sous sélection sexuelle 
La conséquence évolutive typique des sélections intra- et intersexuelle est l’évolution de 
caractères morphologiques spécialisés dans l’affrontement et la parade : les armements et les 
ornements. Chez les espèces polygynes, la sélection intrasexuelle détermine largement le 
succès reproducteur des mâles puisqu’ils n’investissent pas ou que très peu dans la 
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reproduction après la copulation. La majeure partie de la sélection sexuelle cible donc les 
caractères morphologiques impliqués dans le succès d’accouplement pour les mâles d’espèces 
polygynes, et induit généralement l’évolution d’un dimorphisme sexuel (Andersson 1994). 
Qu’elle cible la défense des femelles elles-mêmes ou la défense des ressources qu’elles 
utilisent pour se reproduire, la compétition directe entre mâles s’accompagne de la présence de 
caractères morphologiques utiles aux conflits physiques comme des rostres, des cornes ou une 
masse importante, et ce, chez une large variété de taxons (Emlen 2008) comme les insectes 
(Longair 2004), les malacostracés (Clark 1997), les mammifères (Coltman et al. 2002), les 
amphibiens (Emerson 1992), ou les poissons (Milinski et Bakker 1990). La sélection 
intersexuelle fait intervenir, quant à elle, des caractères morphologiques élaborés, visuellement 
attrayants pour les femelles. La taille de certains caractères comme des plumes, la présence ou 
l’intensité de couleurs sont par exemple des critères de choix chez les oiseaux (Petrie et al. 
1991; mais voir Takahashi et al. 2008) ou les mammifères (West et Packer 2002). 
La sélection sexuelle peut agir sur l'évolution des traits morphologiques dans différentes 
directions (Andersson 1994) puisque la fonction des caractères morphologiques dépend du 
comportement utilisé par les compétiteurs, lui-même fonction de l’environnement. Par 
exemple, la sélection sexuelle sur la taille des cornes du scarabée Onthophagus taurus favorise 
deux optimums en réponse aux tactiques d’accouplement utilisées. De longues cornes sont un 
avantage pour les mâles utilisant la tactique principale de défense par combat des tunnels où se 
trouvent les femelles. En revanche, pour les mâles utilisant la tactique alternative 
d’accouplement furtif qui nécessite une meilleure agilité dans les tunnels il est plus 
avantageux de ne pas avoir des cornes (Moczek et Emlen 2000). Le rôle du comportement 
étant fondamental dans la sélection sur le phénotype, il peut également être sous sélection 
sexuelle. Au sens d’une stratégie évolutivement stable, l’utilisation d’une tactique par un 
individu résulte de son statut (Gross 1996), donc sa compétitivité relativement aux autres 
individus de la population (Figure 1). Chacune des différentes tactiques a son propre retour sur 
investissement et est fonction du statut des individus qui les emploient. Selon son statut, 
l’utilisation de la tactique d’accouplement assurant la meilleure valeur sélective sera 
sélectionnée. Le comportement peut également subir des pressions de sélection sexuelle par le 
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choix des partenaires reproducteurs. C’est notamment le cas des parades nuptiales durant les 
périodes de reproduction (Fusani 2008). Chez de nombreux taxons, la morphologie et le 
comportement peuvent mener à l'établissement d’une hiérarchie sociale basée sur les 
interactions entre individus en dehors des périodes reproduction. L’acquisition de rangs 
sociaux peut alors générer différentes tactiques d'accouplement (Gross 1991). Dans ce cas, le 
rang social est un déterminant du succès d'accouplement d’origine comportemental, et est 
donc potentiellement ciblé par la sélection sexuelle. 
 
 
 
Figure 1. Exemple théorique d’une stratégie de maximisation de la valeur sélective 
évolutivement stable faisant intervenir deux tactiques d'accouplement. Chacune des 
tactiques X et Y est représentée par sa fonction de valeur sélective. À l'égalité de ces 
fonctions correspond une valeur critique de statut des individus, S*. Pour des statuts 
différents de cette valeur, les individus utiliseront la tactique assurant la meilleure 
valeur sélective. Ainsi, pour un statut supérieur à cette valeur, il est favorable d'utiliser 
la tactique X, alors qu'en dessous de cette valeur, la tactique Y est la meilleure à utiliser. 
Cette valeur critique S* est donc établie par la stratégie et détermine quelle tactique 
maximise la valeur sélective. D’après Gross (1996). 
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1.4. L’importance de la testostérone dans la sélection intrasexuelle 
La morphologie et le comportement sont donc liés par la compétitivité qu’ils confèrent aux 
individus pour se reproduire. Chez les mâles, cette convergence fonctionnelle dans la 
reproduction provient en partie de la production de testostérone (Becker et Breedlove 2002). 
La testostérone régule le rythme et l’importance de la sécrétion d’hormones de croissance 
(Jansson et al. 1984; Jansson et Frohman 1987) durant les phases juvéniles et adultes. En tant 
que stéroïde, la testostérone promeut la production de spermatozoïdes (Becker et Breedlove 
2002), la croissance et le maintien des os (Lorentzon et al. 2005) et des muscles (Sinha-Hikim 
et al. 2002). La testostérone est également impliquée dans le développement d’ornements du 
plumage (Strasser et Schwabl 2004; Senar et Quesada 2006), et de la coloration de la peau 
(Wickings et Dixson 1992; Setchell et Dixson 2001) ou le développement d’armements ou 
d’ornements chez les mammifères (Bubenik et al. 1997; Versiani et al. 2009). La testostérone 
influence par exemple la structure des bois des cervidés et promeut leur rigidité, importante 
lors des combats entre mâles puisqu’ils utilisent les bois comme une arme pouvant causer des 
blessures ou tuer des adversaires (Malo et al. 2009). La testostérone affecte également les 
comportements reproducteurs : la synthèse de testostérone est positivement corrélée à 
l'agressivité pendant la période de reproduction (Wingfield et al. 1990; Cavigelli et Pereira 
2000; Mougeot et al. 2005), au rang social (Stoddart et al. 1994; Pelletier et al. 2003; Mills et 
al. 2009) et aux comportements de parade, de recherche de partenaires ou à la fréquence des 
accouplements (Borgia et Wingfield 1991; Enstrom et al. 1997; Van Duyse et al. 2000, 2002; 
Mills et al. 2009). En parallèle, les interactions agressives entre individus accroissent la 
production de testostérone (Wingfield et al. 1990) ce qui est renforcé dans des situations 
d'instabilité sociale (Wikelski et al. 1999), comme pendant l'établissement d'une hiérarchie. 
Par ailleur Hirschenhauser et al. (2003) montrent que les mâles présentent des taux de 
testostérone plus élevés chez les espèces polygynes, pour lesquelles la compétition 
intrasexuelle est élevée, que chez les espèces monogames. La testostérone a donc pour 
fonction d’assurer la reproduction des mâles en régulant le développement morphologique et 
comportemental et en ajustant le comportement aux contraintes de l’environnement social. 
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1.5. La structure des populations et l’intensité de la compétition 
La compétition qui est au cœur des processus sélectifs dépend des conditions écologiques. 
Dans le cadre de la sélection sexuelle, les composantes de la structure des populations sont des 
paramètres écologiques susceptibles d’affecter la compétition pour la reproduction (West-
Eberhard 1983). Par définition, cette compétition fait intervenir une ressource reproductrice 
limitée, les femelles, que se partagent les mâles sur la base de leur compétitivité. Le nombre 
relatif des individus de chacun des sexes semble donc un paramètre clef de l’intensité de la 
compétition. Il est décrit par le ratio des mâles et des femelles aptes à se reproduire à un 
moment donné, le Sexe Ratio Opérationnel (SRO, Emlen et Oring 1977), qui est 
communément utilisé comme un coefficient de compétition pour la reproduction (Shuster et 
Wade 2003). Le SRO est largement invoqué pour expliquer les patrons de sélection et les 
systèmes d'accouplement (Klug et al. 2010), sous l’hypothèse qu’il influence la variance du 
succès reproducteur. Une augmentation du biais du SRO pour le sexe en compétition est censé 
traduire l’intensification de la compétition et donc de la sélection sexuelle. Cette prédiction a 
été confirmée par des études expérimentales (Jones et al. 2004; Jones et al. 2005; Mills et al. 
2007) et des suivis en nature (Clutton-Brock et al. 1997; Mysterud et al. 2008). Pourtant, la 
relation entre la monopolisation des partenaires et le SRO n’a été étudiée que rarement et 
récemment. Klug et al. (2010) montrent que sans connaitre les processus qui mènent à la 
monopolisation des accouplements, le SRO ne peut en réalité pas informer sur le degré de 
monopolisation des accouplements, et ne peut donc pas fournir de prédictions sur la sélection 
sexuelle. Cette conclusion soutient les études expérimentales antérieures de Fitze et Le 
Galliard (2008) et de Mills et Reynolds (2003) qui montrent des relations non linéaires ou 
inverses aux prédictions.  
La compétition pour l’accouplement peut également être modulée par le nombre d’individus 
dans la population, indépendamment du SRO. Le nombre d’individus d’une population fermée 
peut influencer le taux de rencontre mâles-femelles et mâles-mâles. Kokko et al. (2012) 
montrent que le taux de rencontre populationnel mâles-femelles peut influencer la propension 
à évoluer pour des caractères de compétitivité pour l’accouplement (noté après C, initialement 
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« Scope for competitive investment »), une fois pris en compte leur coût de production et 
l’effet du SRO (Figure 2). Le modèle de Kokko et al. (2012) confirme que, toutes choses étant 
égales par ailleurs, l’augmentation du SRO entraine l’accroissement de C. En revanche, le 
changement de densité de la population, entrainant un changement du taux de rencontre mâles-
femelles M, induit une modification de l’effet du SRO sur C. Par exemple, C devrait diminuer 
si M augmente, mais que le SRO reste identique (Figure 2 - a)). Le modèle de Kokko et al. 
(2012) confirme que, toutes choses étant égales par ailleurs, l’augmentation du SRO entraine 
l’accroissement de C. En revanche, le changement de densité de la population induit une 
modification de l’effet du SRO sur C. Le rôle de la densité des populations ou du nombre de 
compétiteurs dans la sélection intrasexuelle est un sujet très peu étudié empiriquement. 
Coltman et al. (1999) ont cependant pu montrer chez le mouton de Soay (Ovis aries) que la 
densité de population à la naissance réduit le succès d'accouplement à vie des mâles. Les effets 
de densité dépendance sur les évènements de sélection individuels restent à explorer. 
Enfin, l’âge est une caractéristique individuelle importante des espèces longévives puisqu’il 
est lié à la survie et à la reproduction. Comme précisée au point 1.2.2, la maximisation de la 
valeur reproductive résiduelle est une contrainte majeure qui définit la sélection sexuelle et 
dépend de l’âge des individus. À la suite des travaux de Fisher (1930), il a été établi que la 
maturité sexuelle précède une diminution des pressions de sélection sur les gènes impliqués 
dans la survie et la reproduction (Medawar 1952; Hamilton 1966). Ces effets de sénescence 
sont bien documentés dans le cadre de la sélection naturelle (Loison 1999), alors que les liens 
entre effets d’âge et sélection sexuelle ont été peu et tardivement étudiés (Coltman et al. 2002; 
Graves 2007). Les analyses de sélection mésestiment l’importance de la structuration en âge 
des populations en ne contrôlant pas pour la valeur reproductive résiduelle (Engen et al. 2009). 
De plus l’âge est commun au développement morphologique et comportemental qui, tous les 
deux, affectent la compétitivité pour la reproduction. Les fréquences des individus d’âges ou 
de classes d’âge particulières sont donc un paramètre démographique qui devrait influencer 
l’issue de la compétition pour la reproduction et donc les pressions de sélection sur les 
caractères reproducteurs. 
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Figure 2. Propension à évoluer pour un caractère reproducteur impliqué dans la 
compétition en fonction du taux de rencontre mâles-femelles M et du sexe ratio 
opérationnel SRO. M est un indice sans unité qui résulte d’un calcul du taux de 
rencontre spécifique à chaque sexe. Chaque valeur de M présente un scénario dans 
lequel l’augmentation du SRO prédit une plus forte propension à évoluer pour des 
caractères reproducteurs. Cette prédiction n’est plus systématique quand M varie en plus 
du SRO. Par exemple, pour un même SRO, l’effet du SRO sur C diminue avec 
l’augmentation de M (cas a)). Dans ce cas, l’effet de la densité de la population est 
indépendant de l’effet du SRO. Une augmentation de M est mécaniquement 
accompagnée d’une augmentation aug du SRO en faveur des mâles dans l’hypothèse où 
C reste inchangé. L’effet du SRO sur C décroit tant que l’augmentation du SRO est 
inférieur ou égal à aug. En revanche, une augmentation du SRO supérieure à aug 
implique un effet positif du SRO sur C (cas b)). D’après Kokko et al. (2012). 
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1.6. Maximisation de la valeur sélective 
Il est important d’étudier la sélection sexuelle pour comprendre l’évolution du phénotype. 
Comme présentée plus haut, la maximisation de la valeur sélective via le phénotype est une 
condition de la sélection sexuelle. Mais, toutes choses étant égales par ailleurs, la seule 
relation entre phénotype et nombre de descendants permet-elle de prédire l’évolution du 
phénotype? La valeur sélective correspond à la valeur reproductive espérée de la descendance 
(Batty et al. 2013). Or, par définition, la valeur reproductive est maximale au début de la 
maturité sexuelle. La maximisation de la valeur sélective doit donc combiner la maximisation 
du nombre de descendants produits et de leur probabilité de survie jusqu’à la maturité 
sexuelle. Du point de vue évolutif, c’est le nombre de descendants matures produits qui 
représente la valeur sélective, alors que la sélection sexuelle ne réfère qu’au succès 
d'accouplement. L’évolution du phénotype sexuellement sélectionné inclut donc la sélection 
sexuelle sur les parents et la sélection naturelle sur les descendants. Les relations entre ces 
deux types de sélection sont peu étudiées, alors que leurs interactions peuvent moduler 
drastiquement l’évolution du phénotype (Byers et Dunn 2012; mais voir Bergeron et al. 2013 
en Appendice 1) : la sélection naturelle aurait ainsi la possibilité d’annuler, de diminuer, ou 
d’amplifier la sélection sexuelle.  
Pour un parent, une façon de maximiser sa valeur sélective est d’accroitre la probabilité de 
survie des descendants grâce à des soins et des investissements. La vaste majorité des études 
sur les effets parentaux ont été réalisées sur les femelles puisque l’élevage des jeunes par leur 
mère rend l’existence d’effets maternels évident (Mousseau et Fox 1998). Les soins et/ou 
investissements des mâles envers la descendance sont limités voir absents chez les espèces 
sous sélection sexuelle marquée, typiquement polygynes (Klug et al. 2013). Dans ce cas, 
l’influence des pères sur le phénotype des descendants est le fait de l’héritage génétique 
paternel. Le phénotype des descendants peut également subir l’influence d’effets génétiques 
paternels indépendants. Ces effets paternels, dits indirects, sont définis comme l’influence 
d’attributs paternels génétiques ou phénotypiques sur le phénotype des descendants, 
indépendamment des gènes hérités des pères (Mousseau et Fox 1998) ; ou comme toute 
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influence du phénotype ou du génotype paternel sur le phénotype des descendants (Wolf et 
Wade 2009). La survie et/ou la reproduction pouvant être liées au phénotype, les effets 
paternels peuvent donc influencer la valeur sélective des descendants. De tels effets parentaux 
indirects ont été montrés chez les femelles et impliquent que :  
« Evolutionary changes in the distribution of maternal traits (i.e. 
genotypes or phenotypes) will cause evolutionary changes in 
some offspring traits due to the causal influence of those 
maternal traits on those offspring traits »2 (Wolf et Wade 2009). 
En revanche, leur existence chez les mâles est encore rarement montrée (Sheldon et al. 1997; 
Sheldon et al. 2003). Ces effets paternels, comme maternels, auraient ainsi la possibilité 
d’accroitre la valeur reproductive des descendants en influençant la sélection naturelle, et donc 
de renforcer la sélection sexuelle.  
1.7. L’estimation de la sélection sexuelle 
Mesurer la sélection sexuelle est primordial pour étudier ses patrons, ses déterminants, et la 
manière dont elle interagit avec les autres processus sélectifs. Pour ce faire, plusieurs mesures 
ont été utilisées. Les mesures de sélection sur le phénotype permettent de connaitre la relation 
directe entre le phénotype et la valeur sélective. Elles mesurent le changement de la valeur 
moyenne des caractères suite à un évènement de sélection en estimant la covariance entre les 
valeurs des caractères et les valeurs sélectives de chaque individu. Les estimations de 
sélection, issues de modèles linéaires, informent donc sur l’intensité de la sélection et 
indiquent si elle est directionnelle, stabilisatrice, diversifiante, ou corrélationnelle (Figure 3). 
                                                      
2 « Des changements évolutifs dans la distribution des caractères maternels (c.-à-d. 
génotypiques ou phénotypiques) vont causer des changements évolutifs pour certains 
caractères des descendants dus à l’influence causale de certains caractères maternels sur ces 
caractères des descendants. » 
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Ces mesures sont des gradients ou des différentiels de sélection selon qu’elles soient issues de 
modèles contrôlant pour d’autres caractères phénotypiques ou non (Lande et Arnold 1983). 
Comme décrit dans les sections précédentes, la sélection sexuelle résulte des différences 
interindividuelles en succès reproducteur. La variance en succès reproducteur est donc au 
centre de ces mesures. Dans une célèbre étude sur les drosophiles (Drosophila melanogaster), 
Bateman (1948) montrait que le succès reproducteur des mâles est limité par le nombre de 
femelles fécondes, alors que celui des femelles est limité par leur production de gamètes. Cette 
étude a mis à jour trois corollaires à la sélection sexuelle, appelés maintenant « principes de 
Bateman » (Arnold 1994), qui sont à l’origine de mesures de sélection (Figure 3): la variance 
du succès reproducteur des mâles est supérieure à celle des femelles; le sexe qui présente la 
plus grande variance en succès reproducteur subit la plus forte sélection sexuelle ; le succès 
reproducteur des mâles augmente avec le nombre d'accouplements. Basées sur ces principes, 
l'opportunité pour la sélection I (Crow 1958) et l’opportunité pour la sélection sexuelle Is 
(Wade 1979; Arnold et Wade 1984) mesurent le taux de changement de la valeur sélective 
absolue suite à un évènement de sélection. I et Is sont respectivement utilisés pour étudier la 
sélection naturelle, calculée sur le nombre de descendants produits, et la sélection sexuelle, 
calculés sur le succès d'accouplement génétique. Ces opportunités de sélection indiquent la 
limite maximale du potentiel de sélection directionnelle, mais pas la sélection sur le 
phénotype. La transition du succès d'accouplement au succès reproducteur, nécessaire pour 
que la sélection opère, est quant à elle estimée par le gradient de Bateman qui estime la 
relation entre le nombre d’accouplements obtenus et le nombre de descendants produits et 
mesure le retour sur investissement de la compétition pour l’accouplement en termes de valeur 
sélective. Ces mesures sont donc des outils importants pour l’étude de la variance de la valeur 
sélective, qui est un point fondamental de l’existence de la sélection. En revanche, ces mesures 
sont critiquées puisqu’elles ont été utilisées comme des équivalents aux différentiels et 
gradients de sélection (Klug et al. 2010; mais voir Krakauer et al. 2011). La modélisation de 
Klug et al. (2010) a permis d’identifier les cas de figures dans lesquels ces mesures 
s’équivalent ou non, indiquant ainsi la nécessité de tester empiriquement leurs corrélations.  
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Figure 3. Association de la forme de la sélection à la distribution d'un caractère 
phénotypique. Les distributions des valeurs z des caractères avant et après sélection sont 
respectivement en trait plein et discontinu. Le succès reproducteur SR est le nombre de 
jeunes produits, et est associé à deux caractères dans le cas de la sélection 
correlationnelle. Dans le graphique à l’extrême droite, des données fictives pour les 
mâles et femelles sont respectivement représentées en noir et gris. Les distributions 
marginales de fréquences illustrent : sur l’axe droit, la variance du succès reproducteur 
calculée pour le I ; sur l’axe haut, la variance du succès d'accouplement calculée pour le 
Is. Les associations du succès d'accouplement et du succès reproducteur représentent les 
gradients de Bateman de chaque sexe. D’après Hunt et al. (2009) et Arnold (1994).  
 
2. Objectifs 
L’objectif de mon doctorat est d’étudier de manière intégratrice comment le phénotype et les 
paramètres démographiques influencent la valeur sélective et la sélection sexuelle, chez une 
espèce polygyne, le mouflon d’Amérique (Ovis canadensis). Le premier chapitre a pour 
objectif d’établir les liens entre la production de testostérone, la morphologie et la socialité, 
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trois niveaux phénotypiques impliqués dans la compétitivité pour l’accouplement. Le 
deuxième chapitre traite des effets de la structure d’âge, du nombre de compétiteurs et du sexe 
ratio opérationnel sur la variation de la sélection sexuelle, qui découle de la compétition pour 
l’accouplement. Ces deux premiers chapitres ont pour objectif commun d’étudier le 
déterminisme du succès reproducteur et de la variation de la sélection sexuelle pour différentes 
classes d’âges. Le troisième chapitre traite de la relation entre la sélection sexuelle subie par 
les mâles et la sélection naturelle subie par leurs descendants. Enfin le quatrième chapitre 
aborde la question débattue de la validité des différentes mesures de sélection. 
3. Méthodes 
3.1. Espèce modèle : le mouflon d’Amérique 
Le mouflon d'Amérique a un système d’appariement polygyne et présente un fort 
dimorphisme sexuel de taille de cornes et de masse. À six ans, les mâles sont en moyenne 65% 
plus lourds que les femelles (Festa-Bianchet et al. 1996). Les cornes des mâles, pouvant 
représenter jusqu’à 15% de la masse totale d’un bélier (Coltman et al. 2002), sont utilisées 
comme des armes lors de combats entre mâles (Geist 1971) et sont soumises à la sélection 
sexuelle (Coltman et al. 2002). Les béliers participent pour la première fois au rut à deux ans 
(chapitre 2). Les béliers atteignent leur masse asymptotique entre cinq et sept ans (Pelletier et 
Festa-Bianchet 2006).  
De la moitié de l’été jusqu’au rut, incluant ainsi la période du prérut de la fin septembre à la 
mi-novembre (Figure 4), les béliers se regroupent en congrégations (Festa-Bianchet 1986). 
Durant cette période, les béliers interagissent selon des comportements agonistiques ritualisés 
permettant d’établir une hiérarchie sociale (chapitre 1). Ces interactions sont de six types : 
- chocs des cornes d'un individu dominant sur n'importe quelle partie du corps du 
subordonné ; 
- chocs frontaux initiés aussi bien par un dominant qu'un subordonné ; 
- coups de patte d'un dominant sur un subordonné ; 
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- interaction homosexuelle d'un dominant sur un subordonné ; 
- déplacement d'un subordonné par un dominant ; 
- frottement de la glande préorbitale d'un subordonné sur un dominant.  
 
 
 
Figure 4. Répartition dans le temps des activités de reproduction du mouflon 
d'Amérique. 
 
Cette hiérarchie détermine le type de tactique d'accouplement utilisé durant le rut. Trois 
tactiques d'accouplement sont documentées (Hogg 1984). La tactique employée par les mâles 
dominants est un gardiennage précopulatoire consenti par une femelle en œstrus qui se solde 
par des copulations multiples. Ces béliers tentent d’empêcher par des comportements agressifs 
l'accès des autres béliers à la femelle protégée. Une tactique alternative utilisée par les autres 
béliers consiste à séparer le mâle dominant de la femelle en œstrus et la poursuivre en tentant 
des accouplements forcés avant que le mâle dominant ne reprenne son contrôle. Une deuxième 
tactique alternative consiste en le blocage d'une femelle qui n’est pas en œstrus par un mâle 
subordonné, loin des autres femelles et dans des zones où la topographie limite les 
mouvements de la brebis. Elle sera ainsi gardée par un mâle subordonné jusqu'à ce qu'elle 
devienne en œstrus. La tactique principale de reproduction permet à un nombre limité de 
béliers aux plus hauts rangs sociaux d’engendrer au moins 60 % des agneaux produits (Hogg 
et Forbes 1997), laissant au maximum 40 % des agneaux produits être distribués parmi le reste 
des béliers.  
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3.2. La population de Ram Mountain 
Le massif montagneux de Ram Mountain (Alberta, Canada, 52° Nord, 115° Ouest) est entouré 
d'une forêt de conifères qui le sépare de la chaîne principale des montagnes Rocheuses située à 
une trentaine de kilomètres. Au nord, la rivière Saskatchewan Nord limite les mouvements des 
mouflons entre Ram Mountain et un autre massif montagneux. La population occupe tous les 
niveaux d'altitude du massif qui s'élèvent de 1080 à 2170 m et étend son habitat sur environ 38 
km² d'environnement alpin et subalpin. Cette population est intensivement suivie depuis 1971 
(Jorgenson et al. 1993), chaque année de la fin mai à la fin septembre. Depuis cette date, tout 
nouvel individu est capturé et marqué et la composition de la population est connue grâce au 
suivi estival. Les probabilités annuelles d'être vu et/ou capturé sont >95% pour les mâles 
(Bonenfant et al. 2009) et >99% pour les femelles (Jorgenson et al. 1997). Ces taux élevés de 
recapture sont permis grâce d'une part à la forte philopatrie des individus et d'autre part à la 
situation géographique isolée de Ram Mountain. 
3.3. Données récoltées 
Depuis 1971, les individus sont attrapés dans un enclos, puis capturés un à un. Pour chaque 
individu, la masse corporelle et différentes mesures des cornes sont relevées. Un numéro 
d’identifiant et une combinaison unique de marques d’oreilles sont attribués à chaque individu 
nouvellement capturé (agneau ou animal en transit). À partir d’un an, les marques des femelles 
sont remplacées par un collier unique. Des recensements quasi journaliers établissent avec 
précision la composition de la population. L’âge des individus est connu avec certitude 
puisqu’ils sont capturés pour la première fois étant agneaux ou à un an. Depuis 1988, à 
l’exception de 1992-1994, tout individu capturé s’est vu prélever un échantillon de tissus afin 
de lui assigner une identité génétique. Les analyses génétiques ont été initiées par Jack Hogg 
puis poursuivies par Dave Coltman. Les paternités des individus, génotypés à 32 loci 
microsatellites, ont été assignées en utilisant CERVUS 3.0 (Kalinowski et al. 2007), avec un 
taux d’erreur de typage de 1% et un niveau de confiance minimum de 95% (Coltman et al. 
2002; Coltman et al. 2005). Le nombre de pères candidats a varié annuellement (c.f. chapitre 3 
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Table S1). Depuis 1988, j’ai donc accès au pédigrée et aux mesures morphologiques de tous 
les individus de la population, ainsi qu’à la taille et la structure d’âge et de sexe de la 
population. 242 paternités ont été assignées à 65 pères parmi 136 mâles candidats. Un mâle est 
capturé en moyenne 2,3 fois par été depuis 1988. Depuis 2008, des échantillons fécaux ont été 
prélevés et des mesures de testicules ont été réalisées. Les fæces accumulent les métabolites de 
la testostérone. Les échantillons fécaux permettent de doser ces métabolites, ce qui renseigne 
sur la sécrétion de testostérone dans les heures précédant le prélèvement. De 2009 à 2011, les 
comportements agonistiques décrits plus haut ont été notés lors d’observations ad libitum.  
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CHAPITRE 2 
ENDOCRINOLOGIE, MORPHOLOGIE ET COMPORTEMENT REPRODUCTEUR  
Description de l’article et contribution 
Il est crucial d’identifier les facteurs qui affectent la compétitivité pour l’accouplement dans le 
contexte de la sélection sexuelle. La testostérone est sensée être liée à l’acquisition de la 
morphologie et des rangs sociaux qui découlent des interactions agonistiques. La façon dont 
l’âge interagit avec la testostérone n’est cependant que très peu documentée. L’objectif de ce 
chapitre est donc d’établir les relations entre, d’une part, les niveaux de testostérone et l’âge, et 
d’autre part, le rang social, la longueur et le taux de croissance des cornes, et la masse et le 
gain en masse. Cette étude montre que la testostérone peut affecter la compétitivité des mâles 
via ses relations avec le comportement impliqué dans l’acquisition des rangs sociaux, plutôt 
que par son effet sur la morphologie. Dans le cadre de cette étude à long terme, Fanie Pelletier 
a initié le prélèvement en routine d’échantillons fécaux en 2008. J’ai établi le protocole de 
mesures testiculaires, à la suite des premières mesures de 2008. J’ai effectué la majorité des 
mesures de cornes et des observations comportementales, aidé par mes collègues de terrains 
qui ont également prélevé la majorité des échantillons fécaux. Hélène Pressault-Gauvin a 
réalisé le dosage des métabolites fécaux. Fanie, Marco Festa-Bianchet et moi-même avons 
développé les idées. J’ai réalisé les analyses statistiques et rédigé le manuscrit que Fanie, 
Marco, et Hélène ont révisé et commenté.  
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Abstract 
In males, the acquisition and development of behavioral and morphological secondary sexual 
traits typically depends on testosterone and correlates with mating success. Testosterone level 
could affect competition for mates and thus be a target of sexual selection. We sought to relate 
testosterone levels to male mating competitiveness, by teasing apart the relationships between 
testosterone, behavior, and growth before the mating period. We monitored 24 adult bighorn 
rams (Ovis canadensis) at Ram Mountain, Alberta, from 2008 to 2011. Using linear mixed 
models, we tested the relationships between testosterone metabolites in feces, social rank, and 
both growth and size of two sexually selected traits: horns and body mass. The correlation 
between testosterone and social rank varied with age. Testosterone and rank were weakly and 
negatively correlated for young rams, positively correlated for prime-aged rams, and 
negatively correlated for older rams. Although testosterone had an increasingly positive effect 
on total horn length until 8 years of age, we could not detect any effects on annual growth rate 
of horns or body mass. Testosterone may be related to male’s ability to compete for mates 
through its relationship with behaviors determining social rank, rather than by influencing the 
development of morphological traits. Differences in testosterone levels among competitors 
may be a proximate cause of variance in fitness. 
Keywords: Androgen, Ontogeny, Ovis canadensis, Secondary sexual traits, Sexual selection, 
Social hierarchy 
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Introduction 
In polygynous species, some male armaments and ornaments such as horns, antlers, and colors 
are under sexual selection as they determine access to mates and affect reproductive success 
(Le Boeuf 1974; Andersson 1994; Coltman et al. 2002; Mainguy et al. 2009). Expression of 
these traits is often associated with the androgen testosterone (Becker and Breedlove 2002). 
For example, in birds testosterone correlates with the length of ornamental tail feathers 
(McGlothlin et al. 2008), and affects plumage patterns (but see Kimball and Ligon 1999; 
Gonzalez et al. 2001; Strasser and Schwabl 2004; Garamszegi et al. 2005). In mammals, 
testosterone increases muscle volume and body mass (Kousteni et al. 2001, 2002; Hartgens 
and Kuipers 2004). Inter-individual differences in testosterone levels during the growing 
season could therefore influence the development of sexually selected traits, and be under 
sexual selection. 
Testosterone also influences sexually selected behaviors (Becker and Breedlove 2002), by 
promoting aggression and territoriality (McGlothlin et al. 2007; Hau and Beebe 2011; Pasch et 
al. 2011), courtship (Pinxten et al. 2003), dominance displays, and mate searching (Mills et al. 
2009). The relationship between testosterone levels and mating behaviors, however, may not 
be universal. For instance, no correlation was found between testosterone and social rank in 
Himalayan tahr males (Hemitragus jemlahicus, Lovari et al. 2009). Alternatively, the 
“challenge hypothesis” (Wingfield et al. 1990) predicts that testosterone levels can rise in 
response to competition for mates. The meta-analysis of Hirschenhauser and Oliveira (2006), 
however, provided no clear evidence of an effect of male–male agonistic interactions on 
variation in testosterone (see also Apfelbeck and Goymann 2011). 
High testosterone levels can promote competiveness despite their potential cost (Folstad and 
Karter 1992). In several vertebrates, testosterone was associated with immunodeficiency (Zuk 
1996). For instance, immunocompetence and resistance to protozoan infection were associated 
with increased testosterone and aggressive behaviors in mice (Mus musculus, Barnard et al. 
1996; Smith et al. 1996). Skarstein et al. (2001) showed that reproductively active male arctic 
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charr (Salvelinus alpinus) had higher intensities of macroparasite infections than non-
reproductive males, apparently because of immune suppression related to the development of 
ornaments and to spermatogenesis. Males therefore appear to face trade-offs between 
physiological and morphological traits that may affect their fitness. A physiological strategy 
involving elevated testosterone only during the mating season may reduce the cost of 
testosterone-dependent immunosuppression. 
Testosterone, however, can also enhance growth of body mass (Hartgens and Kuipers 2004) 
and armaments (Bartoš et al. 2009). Low levels outside the rut could thus reduce growth of 
sexually selected traits. To understand its importance in mediating life history trade-offs, it is 
thus important to monitor testosterone outside the breeding season and to evaluate its effects 
on age-specific growth of sexually selected traits. Age must be taken into account because the 
growth of these traits is strongly affected by age (Bonenfant et al. 2009; Festa-Bianchet 2012). 
Although numerous studies investigated the links between morphology, behavior, and 
testosterone, our understanding of the importance of this hormone in shaping life history trade-
offs in wild animals remains limited. That is partly because no study obtained repeated 
measurements of testosterone, morphological and behavioral traits of known-age wild animals. 
Here, we sought to quantify the relationships between fecal testosterone levels, the 
establishment of social rank, horn growth, and mass gain in wild bighorn rams (Ovis 
canadensis). 
Bighorn sheep are highly sexually dimorphic (Leblanc et al. 2001), polygynous, and rams can 
live up to 14 years. Horn length and body mass are correlated with breeding success for rams 
aged 6 years and older (Coltman et al. 2002). Social rank increases with both age and mass, 
which are strongly correlated, especially for young adults (Pelletier and Festa-Bianchet 2006). 
Horns grow from spring to autumn (Leblanc et al. 2001), while rams establish a social 
hierarchy (Pelletier and Festa-Bianchet 2006). During the rut in late November and early 
December, rams use rank-specific reproductive tactics. Dominant males use a mate-guarding 
tactic called tending (Hogg 1984). Tending leads to many paternities for rams in the top 1–4 
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ranks of the hierarchy, but up to 40 % of lambs are fathered by subordinates (Coltman et al. 
2002) that use alternative tactics (Hogg 1984). Little is known about the determinants of 
breeding success for subordinate rams (Coltman et al. 2002). In the Sheep River population, 
testosterone was positively correlated with social rank during the rut (Pelletier et al. 2003). 
Given the importance of horns, body mass, and social rank for mating success of bighorn 
rams, we predicted that testosterone levels should be positively related to social rank outside 
the breeding season. We also expected that testosterone would be positively correlated with 
horn growth and body mass gain. As morphological and behavioral sexually selected traits 
vary with age, we hypothesized an age-dependent relationship between testosterone and 
mating competitiveness. Because growth rates decrease with age (Festa-Bianchet et al. 1996; 
Bonenfant et al. 2009), we predicted that the positive relationship between testosterone and 
horn growth, body mass gain, and social rank should be stronger in young than in old males. 
Material and methods 
Study population 
Bighorn sheep on Ram Mountain (52°N, 115°W, elevation 1,080–2,170 m), Alberta, Canada, 
have been monitored since 1971. Sheep are captured in a corral trap baited with salt between 
mid-May and September (Jorgenson et al. 1993). All rams included in this study were marked 
during their first year, and their exact ages were known. The resighting rate of rams exceeds 
95 % (Bonenfant et al. 2009), providing a very accurate measure of survival. We only 
considered rams aged 2 years and older, as yearling rams appear unable to obtain paternities 
(Coltman et al. 2002). 
Morphological parameters 
We measured horns (millimeters), mass (kilograms), and testis (millimeters) at each capture. 
We measured horn base circumference (hereafter referred to as horn base) and horn length 
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along the outer curvature. We standardized horn measurements to spring (June 5th) and 
autumn (September 15th, see “Statistical analysis” section for details) before analysis. Horns 
stop growing in winter and form a distinct annulus, under which the new horn growth becomes 
evident in the spring. We focused on the growth of the newly grown horn increment. We 
defined horn growth as the yearly increment grown from June 5th to September 15th, 
calculated as the difference in horn length between spring and autumn. We applied the same 
definition to quantify the growth of horn base. We obtained testis size by measuring the 
diameter of one testis using a caliper (±0.5 mm). All scrotal measurements were taken at the 
largest section of the scrotum for one testicle. This measure was taken four times at each 
capture to assess repeatability. The more frequent measure within 1 mm was recorded. 
Social rank 
Daily observations were conducted from June to September 2009 to 2011. Groups of males 
were observed until all rams disappeared from sight. All agonistic interactions were noted. We 
observed rams at a minimum distance of 400 m from 10 min to 6 h. We recorded six dyadic 
behaviors: eye rubbing, front kick, displacement, butt, homosexual mount, and clash (Geist 
1971; Hogg 1987). Agonistic interactions were used to rank each ram according to de Vries 
(1995), a method previously used for bighorn rams (Pelletier and Festa-Bianchet 2006). We 
first tested the linearity of the hierarchy using the h′ index (de Vries 1995), which ranges from 
0 for no linearity to 1 for perfect linearity, corrected for the number of unknown dyadic 
relationships. As the linearity of social hierarchies was highly significant each year (Table 1), 
we then used an iterative procedure of 1,000 randomizations to find the optimal near-linear 
order of individuals (de Vries 1998). This procedure organizes the social hierarchy by 
minimizing first the number and then the strength of inconsistencies in dyadic matrices. An 
inconsistency occurs when individual j dominates i, but j is ranked below i. The strength of an 
inconsistency is the absolute difference between the ranks of the individuals involved. 
Predictability in the outcome of encounters between two individuals is measured by the 
directional consistency index (Van Hoof and Wensing 1987). This index ranges from 0 for 
dyads where each member wins half of the interactions to 1 when one individual wins all 
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interactions. We standardized social ranks by the yearly number of rams as 1 − (rank/Nx) were 
Nx is the number of rams in year x (Pelletier and Festa-Bianchet 2006). All calculations 
relative to social hierarchy were performed with Matman 1.0 (de Vries et al. 1993). 
Table 1. Descriptive statistics of dominance matrices of bighorn rams 2 years and older, 
from 2009 to 2011, Ram Mountain, Alberta, Canada. 
Year 
Number of 
males 
Number of 
interactions 
% of dyads 
observed 
h' P DC 
2009 16 76 63.33 0.45 0.002 0.88 
2010 13 37 47.44 0.47 0.017 0.89 
2011 16 120 65.80 0.6 <0.001 0.92 
h': Landau's corrected linearity index, DC: directional consistency index 
 
Sample collection 
Fecal samples were collected at each capture. We collected 174 fecal samples from 2008 to 
2011 (N =39, 50, 49, 36, respectively). On average, we sampled each individual 7.2 ± 3.8 
times. We recorded the date and time of collection, kept samples at −15 °C for about 10 days, 
then dried them at 70 °C (see Montiglio et al. 2012) and re-froze them to minimize bacterial 
degradation during storage. 
Hormone assay 
We used methanol-based extraction for fecal testosterone (Brown et al. 2004). Samples were 
dried for 7 days at 50 °C then ground to ≈5 ± 0.5 mm. We weighed feces in clean culture glass 
tubes (16 × 100 mm) to obtain 100 ± 10 mg per sample, then added 5 ml of 90 % methanol to 
each sample. Tubes were vortexed at 250 rpm at room temperature for 4 h and then at 400 rpm 
for 30 min. We filtered samples with a 0.45-µm non-sterile filter fixed on a syringe and stored 
at −20 °C until we measured testosterone concentration. 
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We performed competitive enzyme-linked immunosorbent assay in triplicate for each extract 
using a 96-well microtiter plate (Nunc-Immuno, Maxisorp Surface; Fisher Scientific, 
Pittsburgh, PA, USA). The testosterone polyclonal antibody (R156/7, University of California, 
Davis, CA, USA) was diluted 1:10,000 in a commercial coating buffer (CB1, 
ImmunoChemistry Technologies, Bloomington, MN, USA), and 50 µl was added to each well, 
except the blank, and incubated for 18 h. The next morning, we blocked plates and rinsed 
them with wash buffer (distilled water with 0.2 % of Tween-20). To perform the assay, 50 µl 
of standards and samples was added to wells with the horseradish peroxidase conjugate 
(tracer; 1:150,000) provided with the kit and incubated for 1 h at room temperature on an 
orbital shaker. Standards (testosterone solution; Sigma-Aldrich, St. Louis, MO) were assayed 
in duplicates in a range of 78.125 to 10,000 pg/ml−1 in assay buffer (NaH2PO4 0.65 M, 
Na2HPO4 1.03 M, NaCl 0.15 M, pH 7.0). We washed plates five times, then 100 µl of fresh 
substrate buffer (40 mMABTS[2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid] 
diammonium salt, 1.6 mM H2O2, 0.05 M citric acid pH 4.0) was added to each well and 
incubated on an orbital shaker for 45 min. Absorbance was read at 405 nm with a Multiskan 
GO microplate spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). 
Cross-reactivity of the testosterone antibody with each steroid is testosterone 100.0 %, 5α-
dihydrotestosterone, 7.4%; androstenedione, 0.27%; and androsterone, 
dehydroepiandrosterone, cholesterol, 17-α estradiol, progesterone, and pregnenolone < 0.05 % 
(Muir et al. 2001). Sensitivity of the testosterone polyclonal antibody is 0.1 pg/wells−1 
(Munro and Lasley 1988). Sample testosterone concentrations were calculated and expressed 
as a function of dry fecal mass (picograms per milligram). The assay was repeated for any 
sample in which triplicates differed by 20 % or greater. 
Assay validations 
To validate assays (Buchanan and Goldsmith 2004), pooled pellets from five fecal samples 
were weighted and extracted together to test for parallelism with the standard curve. We also 
used this extract (diluted 1:25) as an inter-assay standard. The intra-assay coefficient of 
variation (CV) was calculated based on triplicates for each sample (N = 217). To calculate 
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repeatability, we measured testosterone for four individuals with nine independent replicates 
per individual. To estimate the efficacy of our extraction method, we repeated four serial 
extractions on the same samples for four individuals. The pool was serially diluted 1:2, 1:4, 
1:8, 1:16, 1:32, and 1:64 to confirm parallelism with the standard curve. Mean intra- and inter-
assay CV were 10.18 ± 1.55 and 7.68 ± 5.95 %, respectively. The efficiency of extraction was 
77 ± 12 % for the first extraction. Repeatability was 94.51 % [confidence interval (CI), 0.826, 
0.995; nine replicates per individual]. 
Statistical analysis 
We adjusted horn size and body mass for capture date to account for growth during the 
summer. We first estimated individual daily growth rates by fitting a linear mixed effects 
model on repeated individual measurements taken throughout the sampling seasons (Martin 
and Pelletier 2011). Models included ram identity (intercept) and the square root of date 
(slope) as random effects, and age and square root of date as fixed effects to correct for the 
mean effects of age and date. The square-root transformation of date linearizes phenotypic 
changes over the summer (Festa-Bianchet et al. 1996). We included linear and quadratic terms 
of age to account for the asymptotic pattern of growth with age. Horn length, body mass, and 
testis diameters for all individuals were adjusted to the beginning (June 5th) and the end of the 
growing period (September 15th). We used these two dates, referred to as spring and autumn, 
for consistency with previous studies (Festa-Bianchet et al. 2000). The length of horn annual 
increments was the difference between autumn and spring horn lengths. 
We tested the repeatability of our measurements for testis size and testosterone levels for the 
same individual using the package “ICC” (Wolak et al. 2012) with R version 2.14.1 (R 
Development Core Team 2011). To evaluate factors affecting individual testosterone levels, 
we fitted a model including date, age, a quadratic term for age, testis size, year, and the 
interactions between date and the two age terms, using log-normal models. We used a log-
normal linear model because ram identity as random variable was not significant, with a 
Gaussian family and a log link to maximize homogeneity of residuals. We included year as a 
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categorical fixed variable in all models because there were only four levels (Bolker et al. 
2009). 
We also fitted linear models to determine the factors affecting social rank, and growth in horn 
length and base circumference. Ram identity as random variable for these models was not 
significant according to a log-likelihood ratio test (Pinheiro and Bates 2000). We modeled 
total horn length with linear mixed models as ram identity was significant according to LRT. 
All models of morphological parameters included as explanatory variable age and age2, mean 
testosterone level, year, and the interactions between mean summer level of testosterone and 
the two age terms. Models of social ranks included as explanatory variables age and age2, 
mean testosterone level, year, and the interactions between mean summer testosterone and the 
two age terms. As ranks were standardized by the annual number of males, we did not include 
year effects in these models. We simplified each full model through backward stepwise 
deletion based on the significance of the variables (Zuur et al. 2008). We accompanied each 
deletion step with a log-likelihood ratio test to ensure that model fit was not reduced. All 
estimates of continuous variables were calculated on standardized variables, with zero means 
and unit standard deviations. All analyses were performed using R version 2.14.1 (R 
Development Core Team 2011). Linear mixed models were fitted using the “nlme” package 
(Pinheiro et al. 2012). 
Results 
Temporal variation in testosterone levels 
Individual testosterone levels ranged from 6.63 to 229.87 pg/mg. Average level decreased 
over the summer (Table 2, Fig. 1) and was not associated with testis size or age (Table 2). 
Interactions between date and either age or age2 were not significant (Table 2). 
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Figure 1. Decrease in testosterone levels over spring–summer (day 0 is May 25th) for 
bighorn rams on Ram Mountain, Alberta, Canada. The fitted line controls for year 
effects presented in Table 2. 
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Table 2. Factors affecting individual testosterone levels from June 5th to September 
15th in bighorn sheep rams, Ram Mountain, Alberta, Canada. 
Variable  Estimate SE t P 
Intercept  4.541 0.048 95.051 <0.001 
Date  -0.102 0.026 -3.973 <0.001 
Years : 2009  -0.112 0.066 -1.706 0.090 
 2010  -0.418 0.077 -5.455 <0.001 
 2011  0.092 0.064 1.429 0.155 
Age (5) -0.041 0.026 -1.592 0.113 
Age² (4) 0.047 0.115 0.410 0.682 
Testis size (3) 0.138 0.071 1.926 0.056 
Date × Age (2) -0.008 0.025 -0.331 0.741 
Date × Age² (1) 0.095 0.113 0.846 0.399 
Estimates are from loglinear models including 169 observations of 23 rams in 2008–
2011. Year 2008 was considered as the reference year. Ram identity as a random effect 
was excluded after testing its significance by log-likelihood ratio test (log-likelihood 
ratio = 0.008, P = 0.928). Variables in bold were retained in the final model. The order of 
deletion by backward simplification is in parenthesis. The final model explained 33.62 
% of the deviance. 
 
 
Effect of testosterone on social rank 
Social rank was influenced by the interaction between testosterone and age (Table 3, Fig. 2). 
Testosterone had a positive association with rank for prime-aged rams, between about 4 and 7 
years of age, while it had a weaker and possibly negative effect for both younger and older 
rams. Horn length had a positive effect on social rank. 
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Table 3. Effects of age, age2, fecal testosterone levels, their interactions, and horn 
length in autumn on social rank from 2009 to 2011 in bighorn rams, Ram Mountain, 
Alberta, Canada. 
Fixed effects Estimate SE t P 
Intercept 0.463 0.038 12.025 <0.001 
Mean [T] -0.036 0.034 -1.050 0.302 
Age 0.273 0.226 1.211 0.235 
Age² -0.175 0.167 -1.043 0.305 
Horn length 0.214 0.080 2.667 0.012 
Year: 2010 -0.158 0.060 -2.636 0.013 
          2011 -0.106 0.063 -1.690 0.101 
Mean [T] × Age 0.575 0.201 2.854 0.008 
Mean [T] × Age² -0.528 0.200 -2.636 0.013 
Estimates are from a linear model including 39 observations of 20 rams in 2009–2011. 
Ram identity as a random effect was excluded after testing its significance by log-
likelihood ratio tests (log-likelihood ratio = 0.441, P = 0.506). Adjusted R2 = 0.776. 
Mean [T] is the mean fecal testosterone level. Year 2009 was considered as reference. 
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Figure 2. Effects of age, testosterone, and their interaction on social rank of bighorn 
rams, 2009–2011, Ram Mountain, Alberta, Canada. The grey surface is the prediction 
of the model presented in Table 3. Points are raw data and are connected to their 
respective prediction on the surface. 
 
 
Effect of testosterone on morphology 
Repeatability of testis size was 0.99 (CI, 0.985, 0.994). After controlling for age, there was no 
effect of testosterone on horn growth (Table 4). Total horn length in autumn was affected by 
an interaction between testosterone and age: testosterone had increasingly positive effects on 
length as individuals aged (Table 4, Fig. 3). Body mass appeared independent of testosterone 
levels. Because results for mass were similar to those for horn size, they are reported in (Table 
S1) the Electronic supplemental material. 
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Figure 3. Effects of age, testosterone, and their interaction on horn length adjusted to 
September 15, 2008–2011, in bighorn rams, Ram Mountain, Alberta, Canada. The grey 
surface is the prediction of the final model presented in Table 4c. Points are raw data 
and are connected to their respective prediction on the surface. 
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Table 4. Effects of year, fecal testosterone level, age, and their interaction on the 
growth of horn length and horn base from spring to autumn, and on annulus length and 
total horn length in bighorn rams, Ram Mountain, Alberta, Canada. 
  Variable   Estimate SE t P 
a) Horn length growth. Adjusted R²=0.618 (LRT=2, P=0.157) 
 Intercept  7.515 0.152 49.521 <0.001 
 Age  -1.492 0.153 -9.747 <0.001 
 Years : 2009 (5) 0.163 0.431 0.379 0.706 
             2010 (5) 0.115 0.418 0.275 0.785 
             2011 (5) -0.823 0.420 -1.961 0.055 
 Mean [T] (4) -0.032 0.181 -0.177 0.860 
 Age² (3) -0.065 0.713 -0.091 0.928 
 Mean [T] x Age (2) 0.120 0.198 0.609 0.545 
 Mean [T] x Age² (1) 1.123 1.012 1.109 0.273 
       
b) Horn base growth. Adjusted R²=0.591 (LRT=0.001, P=0.999) 
 Intercept  3.965 0.053 75.092 <0.001 
 Age  -1.473 0.245 -6.013 <0.001 
 Age²  1.062 0.245 4.336 <0.001 
 Years : 2009 (4) 0.098 0.155 0.633 0.529 
             2010 (4) -0.088 0.149 -0.588 0.559 
             2011 (4) -0.211 0.154 -1.371 0.176 
 Mean [T] (3) -0.020 0.065 -0.313 0.755 
 Mean [T] x Age (2) 0.022 0.070 0.313 0.755 
 Mean [T] x Age² (1) 0.291 0.361 0.804 0.425 
              
c) Horn length. (LRT=33.235, P<0.001) 
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 Intercept  60.482 1.024 59.059 <0.001 
 Mean [T]  -0.077 0.331 -0.234 0.817 
 Age  46.137 1.777 25.968 <0.001 
 Age²  -30.527 1.884 -16.2 <0.001 
 Mean [T] x Age  1.315 0.413 3.18 0.003 
 Years : 2009 (2) 0.061 1.045 0.058 0.954 
             2010 (2) -0.058 1.294 -0.045 0.965 
             2011 (2) -0.847 1.539 -0.551 0.586 
 Mean [T] x Age² (1) -3.197 2.333 -1.371 0.181 
The significance of ram identity as a random effect was tested by log-likelihood ratio 
tests (LRT). Models (a) and (b) are linear, while (c) is a linear mixed model. Horn 
length was adjusted to September 15th. In model (c; Fig. 3), the proportion of deviance 
explained by random effects is 0.817 and that explained by fixed effects is 0.057. The 
order of deletion by backward simplification is in parenthesis. Variables in bold 
constitute the final model. The models included 59 observations of 23 rams in 2008–
2011. Mean (T) is the mean faecal testosterone level. 2008 was considered as the 
reference year. 
 
Discussion 
Our analyses suggest that testosterone may be related to a male’s ability to compete for mates 
through behaviors that determine social rank, rather than through development of 
morphological traits. As expected, we also found that the relationship between testosterone 
and social rank varied with ram age. Testosterone had a positive correlation with rank for rams 
aged 4 to 7 years, but not for those younger or older. We could not detect any relationship 
between testosterone and horn growth, horn base circumference, or body mass. Testosterone, 
however, had an age-dependent correlation with horn length. By integrating hormonal, 
behavioral, and morphological measurements of marked known-age individuals over 3 years, 
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our research underlines the complex roles of behavioral endocrinology in the development of 
fitness-related traits in wild long-lived mammals. 
The positive association between testosterone and social rank for rams aged 4 to 7 years 
suggests that for prime-aged adults testosterone may be correlated with aggressiveness, 
endurance, or other factors that improve ability to attain high rank. This is a key result because 
most of these rams are likely to use alternative reproductive tactics, which can account for as 
much as 40 % of paternities (Coltman et al. 2002). The age-dependent relationship between 
testosterone and social rank was 2.6 times stronger than that between testosterone and horn 
length. This result suggests that testosterone may mainly influence mating competitiveness 
through its relationship with social rank. That contention is supported by the correlation 
between aggression rate and testosterone levels observed in rams from another population 
(Pelletier et al. 2003). The strong relationship between age, mass, and social rank found 
among young rams began to break down at about 6 years of age (Pelletier and Festa-Bianchet 
2006), when age was no longer the predominant determinant of body mass. Consequently, 
some prime-aged individuals were able to outcompete some older conspecifics and increase 
their rank. The declining effect of testosterone on social ranks we observed beginning at about 
age 7 may result from an increasing importance of morphology relative to testosterone in the 
acquisition of rank as rams age. Given the limited sample size of older individuals, however, 
the apparently negative relationship between rank and testosterone for older rams must be 
interpreted cautiously. 
Testosterone levels may affect social ranks, or testosterone may vary in response to social 
challenges as proposed by the “challenge hypothesis” (Wingfield et al. 1990). Given the 
dramatic effects of hormone levels on life histories, we did not manipulate individual hormone 
levels in our wild study population. Although path analysis (Shipley 2009) may circumvent 
the difficulty of establishing the direction of causality, our sample sizes precluded us from 
using it. The combination of our results with those of Pelletier and Festa-Bianchet (2006) can 
help address the unclear direction of causality between behavior and testosterone. Testosterone 
levels decreased from 110 to 75 pg/mg of feces following the June congregation of rams 
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(Festa-Bianchet 1986) until late September, and Pelletier et al. (2003) showed that testosterone 
levels decreased from 60 to 15 pg/mg of feces between mid-September and mid-December. 
This pattern follows a general decline of testosterone levels with time, and suggests that rams 
exhibit the highest testosterone levels in spring, a critical period in the establishment of male 
social rank (Geist 1971). 
Our study contrasts with earlier reports of testosterone effects on social rank 
(Schwarzenberger 2007), mostly from experimental studies that did not account for the 
possible effects of age (but see Pelletier et al. 2003) and morphology. In many sexually 
dimorphic mammals, age has a strong effect on the development of male secondary sexual 
traits (Pelletier and Festa-Bianchet 2006; Bergeron et al. 2010) that may be affected by 
testosterone in an age-dependent manner. Consequently, reported effects of testosterone on 
social rank may have been confounded by age and by the size of sexually selected traits. For 
example, Pelletier et al. (2003) did not find a relationship between testosterone and social rank 
of bighorn rams after accounting for age, likely because testosterone and age were correlated. 
In our study population, testosterone was not correlated with age or horn length; therefore, we 
were able to assess their relationships with social rank. 
Based on the extensive literature on testosterone dependence of secondary sexual traits in 
vertebrates (e.g., Garamszegi et al. 2005; McGlothlin et al. 2008; Roberts et al. 2009; Gaspar-
López et al. 2010), we expected positive correlations between testosterone and both horn 
growth and mass gain. In line with this prediction, testosterone had a weak but increasingly 
positive effect on total horn length as individuals aged. We did not, however, detect any effect 
of testosterone on annual horn growth. These conflicting results suggest that the age-
dependent effects of testosterone on total horn length likely emerged from the positive 
association between social rank on the one hand, and testosterone levels and horn length on 
the other hand. This interpretation is supported by the very weak age-dependent effects size of 
testosterone in a model where fixed effects explained less than 6 % of the deviance (Table 4) 
and the independence of testosterone and body mass, while mass is strongly correlated with 
total horn length. Malo et al. (2009) also reported testosterone independence of antler length 
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and number of points in red deer (Cervus elaphus), although the diameter of the antler burr 
decreased as testosterone level increased. In bovids, keratin is the main component of horns 
and is produced by keratinocytes controlled by the epidermal growth factor (Tomlinson et al. 
2004). This growth factor is itself under the control of androgens, the lactogenic hormone 
prolactin, and the stress hormones glucocorticoids (Hendry et al. 1999). Keratinization thus 
integrates short- and long-term environmental stimuli, and testosterone may have a limited 
influence on the amount of keratin proteins synthetized. 
Testosterone levels fluctuate both seasonally and over the lifetime. A typical pattern involves 
seasonal covariation of sexual activity and testosterone (but see Lynch et al. 2002): 
testosterone rises before the breeding season, peaks during it, and then returns to its baseline 
level. This pattern arises from environmental cues including changes in photoperiod 
(Wingfield and Kenagy 1991; Bronson 2009), as shown for instance in lemurs (Microcebus 
murinus, Perret 1992), macaques (Macaca mulatta, Herndon et al. 1996), and feral sheep 
(Ovis aries, Lincoln and Ebling 1985). In several sheep breeds, Lincoln et al. (1990) found 
that testosterone levels increased with decreasing day length. In contrast, we found that 
testosterone in wild bighorn sheep decreased with decreasing day length after the summer 
solstice. Similar results were obtained for wild Alpine ibex (Capra ibex), where fecal 
testosterone decreased from 6.60 ± 3.55 pg/mg in late June to 3.18 ± 1.18 pg/mg in late August 
(Decristophoris et al. 2007). The seasonal decrease common to bighorn sheep and ibex may 
also explain the lack of correlation between rank and testosterone among wild male tahr 
sampled in late autumn (Lovari et al. 2009). The reason for the contrasting seasonal pattern 
between domestic and wild sheep remains to be investigated. 
We explored the importance of age on testosterone effects on male social rank and on the 
development of sexually selected traits in a polygynous and highly sexually dimorphic species 
in natural conditions. We provided evidence that testosterone levels are related to mating 
competitiveness through sexual behaviors in an age-dependent manner, but not to growth of 
sexually selected traits. Our results therefore support the hypothesis that differences in 
testosterone among individuals could be a proximate cause of variance in reproductive success 
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(Hillgarth et al. 1997), which is a necessary condition for selection (Arnold and Wade 1984). 
Our study emphasizes the need of long-term monitoring of wild populations and the 
importance of integrating endocrinology within a framework of evolutionary ecology to refine 
our understanding of sexual selection. 
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Supplementary material 
Table S1. Effects of testosterone levels, age and year on body mass of bighorn sheep 
rams, adjusted to spring (June 5th) and autumn (September 15th), Ram Mountain, 
Alberta, Canada. Estimates are from linear mixed models with ram identity as random 
effects. The order of deletion by backward simplification is indicated in parenthesis. 
Variables in bold were retained in the final model. The models included 59 observations 
of 23 rams during 2008-2011. Mean [T] is the mean faecal testosterone metabolites 
level. Year 2008 was considered as reference. 
 Variable  Estimate SE t P 
a) Spring body mass. Proportion of deviance explained by random effects is 0.845 
(LRT=37.050, P<0.0001). Proportion of deviance explained by fixed effects is 0.148 
 Intercept  67.821 1.485 45.680 <0.001 
 Age  41.851 2.300 18.192 <0.001 
 Age²  -28.285 2.467 -11.463 <0.001 
 Years: 2009 (4) 1.415 1.366 1.036 0.308 
    2010 (4) 1.779 1.662 1.07 0.293 
    2011 (4) 1.072 2.117 0.506 0.616 
 Mean [T] (3) 0.105 0.542 0.194 0.848 
 Mean [T] × Age (2) 1.013 0.572 1.771 0.087 
 Mean [T] × Age² (1) -1.239 3.109 -0.399 0.693 
       
b) Autumn body mass. Proportion of deviance explained by random effects is 0.884 
(LRT=44.428, P<0.001). Proportion of deviance explained by fixed effects is 0.205 
 Intercept  90.540 1.838 49.248 <0.001 
 Age  41.892 2.455 17.061 <0.001 
 Age²  -27.482 2.651 -10.366 <0.001 
 Mean [T] (4) -0.083 0.449 -0.186 0.854 
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 Years: 2009 (3) 1.314 1.528 0.860 0.397 
    2010 (3) 2.447 2.021 1.210 0.236 
    2011 (3) 1.256 2.555 0.492 0.627 
 Mean [T] × Age (2) 0.798 0.616 1.294 0.206 
 Mean [T] × Age² (1) -1.267 3.359 -0.377 0.709 
       
c) Mass gain. Proportion of deviance explained by random effects is 0.537 (LRT=13.081, 
P<0.001). No deviance explained by fixed effects. 
 Intercept  22.715 0.429 52.928 0.000 
 Age (6) 0.548 0.322 1.700 0.098 
 Mean [T] (5) 0.113 0.213 0.531 0.599 
 Age² (4) -0.282 1.199 -0.235 0.815 
 Years: 2009 (3) 0.093 0.675 0.138 0.891 
    2010 (3) 0.643 0.755 0.851 0.401 
    2011 (3) 0.086 0.808 0.107 0.916 
 Mean [T] × Age (2) -0.200 0.304 -0.658 0.516 
 Mean [T] × Age² (1) 0.497 1.628 0.305 0.763 
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CHAPITRE 3 
DÉTERMINISME POPULATIONEL DE LA SÉLECTION INTRASEXUELLE  
Description de l’article et contribution 
La sélection peut être vue comme un filtre dont la géométrie du maillage varie en fonction de 
l’environnement. Dans le cadre de la sélection sexuelle, la compétition pour l’accouplement et 
donc l’issue de la sélection peuvent varier en fonction de la structure des populations. Il est 
largement reconnu que la sélection naturelle peut varier dans le temps et dans l’espace à cause 
de la variation des conditions écologiques. Néanmoins, la variation de la sélection sexuelle et 
l’identification de ses agents sont rarement documentés : moins de 1% des études sur la 
sélection sexuelle ont liés sa fluctuation à des facteurs écologiques (Cornwallis et Uller 2010). 
Cette étude a donc pour but d’analyser comment le sexe ratio, le nombre de compétiteurs, et la 
structure d’âge influencent la forme, la direction et l’intensité sélection sexuelle sur la 
longueur des cornes et la masse des béliers du mouflon d’Amérique. Basé sur 21 ans de suivi 
de la population de Ram Mountain, cette étude fournit une description rare du déterminisme 
démographique de la fluctuation de l’intensité de la sélection sexuelle en nature. Elle montre 
également comment l’âge des mâles module la compétition pour l’accouplement. Marco 
Festa-Bianchet a supervisé le suivi de cette étude à long terme. David Coltman a établi le 
pédigree de la population. J’ai contribué à collecter 3 saisons de données de 2009 à 2011, 
élaboré les idées de l’étude, analysé la base de données et rédigé le manuscrit sous la 
supervision de Fanie Pelletier et de Marco Festa-Bianchet. Fanie, Marco et David ont révisé et 
commenté le manuscrit.  
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Abstract 
Sexual selection has a critical role in evolution, therefore it is crucial to identify what 
ecological factors drive its variation in nature. Disentangling the ecological correlates of 
sexual selection over the long term, however, is challenging and has rarely been done in 
nature. We sought to assess how demographic changes influenced the intensity, direction, and 
form of sexual selection, and whether selective pressures varied with age. We tested if breeder 
sex ratio, number of competitors and age structure influenced selection differentials on horn 
length and body mass of wild bighorn rams (Ovis canadensis) of different age classes on Ram 
Mountain, Alberta. We used 21 years of data including a detailed pedigree, demographic 
parameters, and repeated morphological measurements. Sexual selection on horn length and 
body mass of males of all ages was directional, positive, and varied in strength among years. 
Selection intensity increased with the number of competitors, reflecting male-male encounter 
rate during the rut, but was independent of breeder sex ratio or age structure. This 
demographic effect likely arises from age-dependent mating tactics. Males aged 2 to 4 years 
are weakly competitive and experienced stronger sexual selection as their proportion among 
males increased. Selection experienced by mature males appeared independent of 
demography. Our study provides a rare description of the ecological determinism of 
fluctuating sexual selection in nature. 
Keywords: drivers of selection, linear selection, selection analysis, sexually selected 
characters, target of selection, temporal variation  
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Introduction 
Selection plays a key role in evolution (Rieseberg et al., 2002) and is central to adaptation in 
nature (Endler, 1986, Schluter, 2009). Quantifying selection on phenotype and identifying 
ecological drivers of selection have been cornerstones of modern evolutionary ecology since 
the seminal work of Lande and Arnold (1983). Variations in strength, direction and form are 
important features of selective pressures (Kingsolver et al., 2001, Bell, 2010, Siepielski et al., 
2009). Fluctuations in selective pressure are driven by environmental conditions (Siepielski et 
al., 2009, Cornwallis & Uller, 2010, Funk et al., 2006) across spatial and temporal scales 
(Gosden & Svensson, 2008). The very few studies that identified ecological modifiers of 
selection mainly involved meta-analyses (but see Robinson et al., 2008, Gosden & Svensson, 
2008). Thus, we know little about the factors affecting variation in strength, direction and 
form of selection in nature (Morrissey & Hadfield, 2012). Our understanding of the link 
between selection and its ecological drivers is currently based upon a handful of studies, most 
of which relate changes in survival selection to demographic processes or climate (Calsbeek & 
Cox, 2010). Natural selection on beak size of Darwin’s finches (Geospiza spp.) in response to 
drought is a seminal example (Grant & Grant, 2002). Only recently, sexual selection was 
shown to vary with ecological factors (Gosden & Svensson, 2008, Robinson et al., 2008, 
Punzalan et al., 2010) such as environmental quality or demographic parameters.  
Very few studies have explored temporal variation in sexual selection. A recent review 
suggested that less than 1% of studies linked these fluctuations with ecological variables 
(Cornwallis & Uller, 2010). Be it inter- or intra-sexual, this selection hinges on competition 
for access to mates (Andersson, 1994), whose intensity and outcome depend on interactions 
among individuals of different sex-age classes (West-Eberhard, 1983). As a consequence, 
sexual selection should vary with demography. The relative numbers of females and males 
ready to mate at a given time and place determine the operational sex ratio (OSR), which is 
thought to represent the “degree of monopolizability of mates” (Emlen & Oring, 1977). The 
intensity of competition among males is expected to increase as OSR becomes more male-
biased (Kvarnemo & Ahnesjö, 1996). As mate monopolization directly affects mating 
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variance, a necessary condition for sexual selection, OSR was considered a primary 
determinant of sexual selection (Jones et al., 2002, Mills et al., 2007). An increase in the 
number of females, translating into higher mating success for the most competitive males, is a 
textbook example of the direct effect of OSR on the potential for sexual selection (Andersson, 
1994). Yet, the relationship between OSR and sexual selection may not be generally valid 
(Klug et al., 2010). For instance, in a longitudinal study of ambush bugs (Phymata 
americana), intrasexual selection intensity on color patterns decreased with OSR, rather than 
increasing as expected (Punzalan et al., 2010) ; and in an experimental study on guppy 
(Poecilia reticulata), intersexual selection intensity on mating behavior was not associated 
with OSR (Head et al., 2007). Recent evolutionary models of sexual selection indicate that the 
role of OSR in sexual selection should be reconsidered, as it might be less important than the 
cost of breeding and sex-specific mortality (Kokko & Monaghan, 2001). 
Despite its weaknesses in directly predicting sexual selection, OSR may be important in 
combination with other demographic parameters. For example, the OSR may remain stable but 
the number of females and males may change. For a given OSR, the density of competitors 
can influence the intensity of competition by affecting the encounter rate of competitors 
(Kokko & Rankin, 2006, Hubbell & Johnson, 1987, Crowley et al., 1991), especially in 
species where alternative mating tactics coexist. Alternative mating tactics are thought to have 
evolved to overcome differences in mating competitiveness (Gross, 1996). As the number of 
competitors increases, the least competitive individuals may experience a reduction in mating 
success. Consequently, the number of competitors is likely to increase sexual selection 
intensity through its effects on mating competition. Although supported by a handful of 
studies (e.g. Punzalan et al., 2010, Jirotkul, 1999), this relationship is not clear (Head et al., 
2007, Aronsen et al., 2013). Variance in competitiveness among males may also modulate 
mating monopolization (Klug et al., 2010), regardless of OSR. In polygynous species, age is 
often associated with the development of morphological (Bonenfant et al., 2009, Festa-
Bianchet, 2012) and behavioral (Pelletier et al., 2003, Martin et al., 2013) sexually selected 
characters in males, that are critical for mating success. Male age structure is therefore another 
likely determinant of the strength of sexual selection. 
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Reproduction is age-dependent in many taxa (Forslund & Pärt, 1995, Gaillard et al., 1998): it 
typically increases until individuals reach prime-age, then declines with senescence. This age-
related pattern occurs in males of species under sexual selection (Festa-Bianchet, 2012). The 
seminal theoretical work of Fisher (1930), Medawar (1952) and Hamilton (1966) established 
that selection pressures on fitness-related genes should decrease with age after maturity 
(Charlesworth, 2000). Yet, sexual selection analyses usually disregard such heterogeneity in 
age or life-history stages, and estimate selection differentials or gradients on the entire adult 
population. We know little about age-dependence in sexual selection pressures, as only a 
handful of individual-based studies have examined age-specific sexual selection (Coltman et 
al., 2002). It is thus unclear if sexual selection documented in nature results from the 
combined effects of different age-specific selective pressures, or simply from differences in 
reproductive success between male age classes. For example, although in most ungulates 
prime-aged males have much higher reproductive success than younger males (Festa-
Bianchet, 2012), we do not know how sexual selection can differ between ages or life-stages.  
Here, we seek to disentangle the effects of demographic factors on intrasexual selection in 
nature. We document fluctuations in strength, form, and direction of intrasexual selection on 
males, and explore its relationship with the breeder sex ratio, the number of competitors and 
the age structure of adult males. We take advantage of long-term monitoring of wild bighorn 
sheep (Ovis canadensis) on Ram Mountain, including repeated individual measures of horn 
length and body mass, a molecularly reconstructed pedigree, and detailed demographic 
information. Bighorn sheep are polygynous ungulates where male-male competition for 
reproduction leads to sexual selection on horn length and body mass (Coltman et al., 2002), 
with little evidence of female choice (Hogg, 1987). Depending on their social rank and age, 
rams use different mating tactics (Hogg, 1987, Hogg & Forbes, 1997), leading to a skewed 
distribution of paternities. Coltman et al. (2002) showed that large horns increased mating 
success for rams aged 7 years and older. The mating success of young rams, however, 
appeared to be random in respect to morphological characters (Coltman et al., 2002). We used 
data collected over twenty-one breeding seasons to investigate three questions and provide 
insights on how sexual selection varies according to demography: 1) Does sexual selection on 
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horn length fluctuate over time in strength and direction? 2) Are secondary sexual traits of 
young rams, which use alternative mating tactics, under sexual selection? 3) Does population 
demography (including sex ratio, number of competitors and ram age structure) drive sexual 
selection on horn length, possibly in an age-dependent manner? 
Materials and methods 
Study population and mating system 
We used data collected from 1988-2011 from marked known-age bighorn sheep on Ram 
Mountain (52ºN, 115ºW, elevation 1080 – 2170 m), Alberta, Canada. Sheep have been 
captured in a corral trap baited with salt since 1971 (Jorgenson et al., 1993), and marked with 
unique combinations of ear tags and collars. All individuals included in this study were 
marked during their first or second summer and their exact age was known. Annual resighting 
probabilities exceeded 95% and 99% for males and females respectively (Bonenfant et al., 
2009), providing accurate information on demographic parameters (table S1). 
Variability in male breeding success arises partly from the use of alternative mating tactics 
(Hogg, 1984, Hogg, 1987). Rams establish a linear dominance hierarchy where rank increases 
with age, horn size and body mass (Pelletier & Festa-Bianchet, 2006, Martin et al., 2013). The 
rut usually starts in late November and over 80% of conceptions typically occur over a two-
week period (Pelletier & Festa-Bianchet, 2006). Males in the top 1-4 ranks of the social 
hierarchy use a mate guarding tactic called ‘tending’ which leads to high mating success 
(Hogg, 1984). Alternative tactics used by subordinates include coursing (trying to mate with a 
guarded female during coursing chases after bypassing the tending male) and blocking 
(sequestration of a female away from dominant males until she enters estrus). Copulation rate 
of coursing rams increases with age (Hogg & Forbes, 1997) but previous studies detected no 
effect of phenotype on mating success of young rams (Coltman et al., 2002).  
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Demographic parameters 
Number of competitors: The number of males aged two or older alive in late September. 
Male age structure: Only males five years and older adopt the highly successful tending tactic 
(Pelletier & Festa-Bianchet, 2006). Male age structure was the ratio of males aged two to four 
years over the total number of males two years and older. 
Breeder sex ratio: We approximated the operational sex ratio by the breeder sex ratio because 
the study site is not accessible during the rut. The breeder sex ratio was the ratio of parturient 
females the following spring over the number of rams two years and older about six weeks 
before the rut. We identified parturient females as those with colostrum or milk at first capture 
in late May or early June. 
Morphological measurements 
We measured total horn length from the base to the tip, along the outer curvature. To account 
for growth during summer, we adjusted individual horn length and body mass to September 
15th, consistent with previous studies (Festa-Bianchet et al., 2000). We estimated individual 
growth rates by fitting linear mixed models on repeated individual measurements each 
summer (Martin & Pelletier, 2011). Models included male identity (intercept) and the square 
root of capture date (slope) as random effects, and age and the square root of date as fixed 
effects. The square-root transformation of capture date linearizes growth over the summer 
(Festa-Bianchet et al., 1996, Martin & Pelletier, 2011). 
Paternity assignments and fitness 
Tissue sampling began in 1987. Samples were genotyped at 26 microsatellite loci (Coltman et 
al., 2005) and we assigned 242 paternities among 65 fathers (assigned from 136 candidate 
males) from 1988 to 2011 with 95% confidence in CERVUS (Marshall et al., 1998). Tissue 
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samples were not collected in 1994 to 1996. Consequently, we excluded from analyses ruts 
from 1993 to 1995 because paternities for lambs conceived during these 3 ruts could only be 
established if they survived to 1997. The 242 paternities thus excluded those from these three 
ruts. Paternities of lambs that died before capture were unknown. We measured fitness as 
breeding success, the number of offspring assigned to each male during a rut. 
Selection analyses 
We investigated how age, horn length and body mass affected breeding success by fitting 
generalized linear mixed models. We used a log link to account for the Poisson error structure 
of breeding success. Effects of horn length and body mass were modeled separately because 
their strong correlation (r=0.93, P<0.001) led to strong collinearity (variance inflation factor = 
6.25). We refer to these variables as “morphological characters”. Models included as 
explanatory variables the linear and quadratic terms of age and of morphological characters, 
interactions between the linear age term and the linear and quadratic terms of morphological 
characters, and between the quadratic term of age and linear terms of morphological 
characters. We included male identity as a random variable, after verifying its significance 
with a log-likelihood ratio test (Bolker et al., 2009). Paternities were over-dispersed. It is not 
straightforward, however, to fit a quasi-Poisson or a negative binomial linear model with 
random effects to handle over-dispersion. Following Atkins et al. (2012) we extended the 
Poisson mixed models by including an over-dispersion factor as an additional random term, 
which is a per-observation error term that captures over-dispersion. Because this per-
observation error term is similar to a residual error term, we tested its significance with a log-
likelihood ratio test.  
We estimated standardized selection differentials for horn length and body mass using the 
Price equation (Price, 1970):   	

, , where the character is standardized, the 
fitness is absolute, and  is the mean fitness for a given selection event. We annually 
standardized individual horn length and body mass to allow comparisons of the strength of 
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selection differentials between characters. Relative fitness was obtained by dividing each 
individual’s absolute fitness by the annual mean fitness. The strengths of linear and non-linear 
selection were estimated respectively by the linear and quadratic selection differentials 
obtained by regression (Lande & Arnold, 1983). We obtained standardized linear selection 
differentials (i) by regressing each standardized phenotypic character against relative fitness. 
We estimated standardized quadratic selection differentials (j) by regressing both linear and 
quadratic terms of each standardized phenotypic character against relative fitness. The 
standardized quadratic selection differentials (j) are twice the estimates of the quadratic terms 
of phenotypic characters. Statistical significance for each selection differential was estimated 
with generalized quasi-Poisson linear models where unstandardized characters were regressed 
against absolute fitness.  
To estimate global linear and nonlinear selection differentials over all years, we added 
individual identity as a random effect in generalized quasi-Poisson linear mixed models. To 
investigate age-dependent fluctuation of selection we estimated selection differentials for each 
age. Models included standardized characters values and relative reproductive success at the 
scale of the entire population as previously explained. We pooled males ten years and older (N 
= 18 ram-years) to maximize statistical power in estimating age-specific selection 
differentials. We used Z-tests to compare estimates of linear selection differentials between 
age classes and between phenotypic characters. Z-scores were calculated as Z   !"#$%"# $, 
where β and SE are respectively the selection differential and associated standard errors. A Z-
score greater than 1.96 indicates a significant difference between two selection differentials. 
Statistical modeling 
We fitted linear models to investigate how demographic parameters influenced the strength of 
sexual selection. Explanatory variables were the number of competitors, breeder sex ratio, and 
male age-structure. We did not include interactions to avoid over-parameterization because we 
had twenty-one data points (years). In these models, the number of competitors, used as an 
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explanatory variable, is also involved in the calculation of mean fitness, the denominator of 
the Price equation. To avoid this mathematical dependence, we modeled the relationship 
between the above-mentioned set of demographic parameters and both standardized selection 
differentials and the covariance between each standardized character and the absolute fitness. 
To account for differences in the accuracy of estimation of selection differentials with 
differing sample sizes, we weighted our regression models by 1/SE2 where SE is the standard 
error in models quantifying the significance of selection differentials. To test if selection 
events were autocorrelated, we investigated temporal dependence in the sequence of selection 
differentials. With a log-likelihood ratio test, we tested the significance of a first order auto-
correlation structure. We fitted linear models to investigate how the proportion of males two to 
four years and five years and older influenced the proportion of offspring produced by males 
of each age-class. We simplified each full model through backward stepwise deletion (Zuur et 
al., 2009). We accompanied each deletion step with a log-likelihood ratio test to ensure that 
model fit was not reduced. 
All independent variables were standardized to zero mean and unit variance. All statistical 
analyses were performed using R version 2.14.1 (R Development Core Team, 2011). We used 
the “gls” function from the “nlme” library (Pinheiro et al., 2011) to test for autocorrelation. 
Other linear models and generalized linear mixed models were fitted using the “lm” and 
“glmer” functions of the “lme4” library (Bates et al., 2011).  
Results  
Demographic parameters were not correlated (figure S1, Number of competitors - Breeder sex 
ratio: r=-0.006, P=0.77; Number of competitors - Age structure: r=0.28, P=0.22; Breeder sex 
ratio - Age structure: r=-0.14, P=0.53), allowing us to consider them together in subsequent 
analyses. Controlling for age, horn length had a linear positive effect on breeding success 
(β=0.720 ± 0.163, z=4.432, P<0.001, table S2 a, figure S2). Mass had a quadratic positive 
effect on breeding success that increased with age (figure 1, table S2 b), being weak for rams 
aged two to six years, and increasingly stronger afterwards. 
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Figure 1. Age-dependence of annually standardized body mass and breeding success 
for bighorn rams, Ram Mountain, Alberta, Canada. The dots indicate where data points 
on mass of individual rams were available, the entire surface indicates the success 
predicted by the model on table S2b. 
 
 
Table 1. Linear sexual selection differentials on horn length and body mass estimated 
for bighorn rams of all ages, young (2 to 4 years) and mature (5 years and older) in 
1988-2011 at Ram Mountain, Canada. 
Age-class 
  Horn length   Body mass 
 i ± SE t P  i ± SE t P 
All ages  0.934 ± 0.007 9.675 <0.001  0.853 ± 0.008 9.764 <0.001 
2 to 4 years old  0.298 ± 0.020 3.481 0.001  0.268 ± 0.018 4.062 <0.001 
5 years and older   1.738 ± 0.014 4.531 <0.001   1.342 ± 0.012 4.452 <0.001 
 
Global linear selection differentials on horn length and body mass were positive and 
significant, for all ages or by age class (table 1). The global linear selection differential for 
horn length was 9.5% stronger than that for body mass (Z=7.620, P<0.001). Nonlinear 
selection differentials were not significant (table S3). All annual linear selection differentials 
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calculated for all ages were positive except for 2001, which was negative but not significantly 
different from zero (table S4). Selection estimated for all ages at the annual scale thus varied 
in strength but not in direction (figure 2). Coefficients of variation and variances for absolute 
annual linear selection differentials were: CV=0.50, σ2=0.15 for horn length and CV=0.49, 
σ2=0.15 for body mass. Successive annual selection differentials were independent as no 
autocorrelation structure was detected (horn length: LRT= 1.86, P=0.17 ; body 
mass:LRT=1.99, P=0.16). For horn length and body mass, coefficients of variation and 
variances calculated for absolute selection differentials were respectively: CV=1.11, σ2=0.13 
and CV=1.07, σ2=0.15 for males aged two to four years, and CV=0.81, σ2=4.38 and CV=0.82, 
σ2=1.90 for males five years and older (figure 2). Global selection differentials were stronger 
for mature than for young males for horn length (Z=58.98, P<0.001) and body mass (Z=49.64, 
P<0.001). Annual selection differentials for males two to four years, and five years and older 
were not correlated (horn length: r=-0.35, df=18, P=0.12, body mass: r=-0.06, df=18, P=0.81). 
Horn length and body mass were under sexual selection that increased with age (figure S3, 
horn length: R2=0.71, β=0.638 ± 0.154, t=4.138, P=0.004 ; body mass: R2=0.60, β=0.651 ± 
0.120, t=3.260, P=0.014). 
The number of competitors had a positive effect on annual selection differentials calculated 
for all ages on horn length (adjusted R2=0.19, β=0.252 ± 0.076, t=3.337, P=0.003) and body 
mass (adjusted R2=0.13, β=0.153 ± 0.075, t=2.030, P=0.056; correlation horn length - body 
mass: r=0.92, df=430, P<0.001; table S5). The marginally non significant effect for body mass 
might partly result from the inclusion of the number of competitors in the calculation of the 
selection differentials, which could mask its importance as a determinant of the covariance 
between mass and reproductive success. When selection differentials were estimated as the 
covariance between absolute fitness and standardized mass, the effect of the number of 
competitors was significant (adjusted R2=0.18, β=0.279 ± 0. 121, t=2.297, P=0.033). Breeder 
sex ratio and age structure did not affect annual selection differentials on horn length or body 
mass (all Ps>0.15, table S5). We found the same pattern for the covariance between 
standardized horn length and absolute breeding success. Annual selection differentials on horn  
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Figure 2. Fluctuation of linear selection differentials i on a) horn length, and b) body 
mass of bighorn rams of all ages (dark grey), 2 to 4 years (light grey) and 5 years and 
older (black). Asterisks indicate significant differentials (<0.05) and points marginally 
non-significant differentials (0.075 > P > 0.05). Selection events 1988-1992 and 1996-
2011, Ram Mountain, Alberta, Canada.  
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length and body mass for males aged two to four rose with their proportion among males 
(figure 3, horn length: adjusted R2=0.30, β=0.221 ± 0.071, t=3.130, P=0.005, body mass: 
adjusted R2=0.18, β=0.684 ± 0.293, t=2.334, P=0.031) but were independent of breeder sex 
ratio or the number of males. The proportion of paternities assigned to males aged two to four 
years increased with their proportion among males (adjusted R2=0.23, β=0.098 ± 0.037, 
t=2.647, P=0.016, table S1). Selection on body mass of males aged two to four years, and on 
horn length and body mass of males five years and older, were independent of demographic 
parameters (table S5). 
 
 
Figure 3. Positive relationship between annual selection differentials on horn length 
(black dots) and body mass (clear dots) for bighorn sheep rams aged two to four years 
and their proportion among all adult rams. Grey dots indicate overlapping black and 
clear dots. Solid and dashed lines are the predictions of the models presented in the text 
and table S4, respectively for horn length and body mass. Selection events 1988-1992 
and 1996-2011, Ram Mountain, Alberta, Canada.  
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Discussion 
Twenty-one years of detailed morphological and reproductive fitness measurements revealed 
substantial variation in sexual selection in nature. Sexual selection on horn length and body 
mass was directional, positive, and varied in strength but not in direction. Sexual selection also 
affected rams that used alternative mating tactics. More importantly, we found that sexual 
selection was affected by the number of competitors, but not by the breeder sex ratio or age 
structure. Evolutionary models of inter- or intra- sexual selection usually ignore its temporal 
variation in strength or direction (Kokko & Monaghan, 2001, Mead & Arnold, 2004, Chandler 
et al., 2012). Yet, during the last decade, advances in replicated selection analyses and meta-
analyses shed light on the importance of variations in strength and direction of sexual 
selection. Morrissey and Hadfield (2012) urged caution in considering these results, which 
arise from non-replicated studies. Our temporally replicated selection analyses showed that 
positive sexual selection on horn length and body mass varies in strength, confirming the 
pattern of low variation in direction but high variation in strength of sexual selection reported 
by Siepielski et al. (2011).  
Temporal variation and strength of selection 
Of the selection differentials on horn length and body mass estimated on all ages, 76% were 
higher than 0.5 and 62% were higher than 0.75. These values indicate very high selection 
levels (Kingsolver et al., 2001). The median selection differentials on horn length and body 
mass were 0.84 and 0.89, or 4 and 4.2 times stronger than the absolute median directional 
selection differential of 0.21 for fecundity selection estimated on the number of offspring 
produced reported by Hereford et al. (2004). Changes in direction of selection can influence 
evolution over the long term. Fluctuations in direction are thought to maintain diversity by 
sequentially selecting for different phenotypic optima. These fluctuations, typical of survival 
selection (Siepielski et al., 2011), may weaken or prevent evolutionary responses (Siepielski et 
al., 2009, Kingsolver & Diamond, 2011). We found that sexual selection fluctuated in 
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intensity and was consistently positive over 21 years, providing the potential for substantial 
evolutionary responses.  
Although we had over 20 years of data on a population were all individuals are monitored 
from birth to death, we had a limited yearly sample size. Sampling error from studies with 
small sample size may artificially inflate variation in selection estimates (Morrissey & 
Hadfield, 2012, Kingsolver & Diamond, 2011, Kingsolver et al., 2001, Siepielski et al., 2011). 
This highlights the burden of stochasticity on selection analyses for studies which cannot 
monitor entire populations, and suggests that sample size could be negatively associated with 
selection intensity. In our study, as all animals were marked, the sample size directly reflects 
the number of competitors in our study population, and its relationship with selection intensity 
was positive. Small sample sizes in our study are thus unlikely to drive the fluctuation in 
selection intensity we report. In the last years of monitoring, some selection differentials on 
horn length and body mass for males five years and older were strong and negative (figure 2). 
In 2008 and 2010, two rams aged five years achieved the highest reproductive success despite 
being relatively small-horned and light: each obtained three paternities for a relative 
reproductive success of 5 and 6.3. These exceptional events may have been due to the small 
population size in the last decade of study (table S1). Strong selection differentials in opposing 
directions for horn length and body mass in 2007 and 2009 result from the success of two 
males that were light but had large horns.  
Demographic effects on selection and age-dependence 
By measuring sexual selection over twenty-one mating seasons, we tested whether its strength 
was affected by demographic factors likely to influence mating competition: mean mating 
opportunities per ram approximated by the BSR, encounter rate among competitors 
approximated by their number, and age structure approximating changes in the relative 
competitiveness of males. The importance of the number of competitors in monopolizing 
mates is controversial since it has been found to increase (Mobley & Jones, 2007, Tomkins & 
Brown, 2004), to decrease (Pomfret & Knell, 2008, Jirotkul, 1999), or to have no effect on 
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sexual selection (Wacker et al., 2013, Head et al., 2007). We provide empirical evidence in 
nature for adult males of all ages, that intrasexual selection intensity increases with the number 
of competitors: differences in phenotypic characters played a stronger role in mating success 
as the number of competitors increased (consistently with (Punzalan et al., 2010, Mobley & 
Jones, 2007, Tomkins & Brown, 2004)). Bighorn rams use alternative mating tactics with 
different siring probabilities (Hogg & Forbes, 1997). The number of top-ranked rams that can 
use the tending tactic is constrained by the number of ewes that are in estrus at the same time. 
In most days during the rut, there are only 1-3 ewes in estrus, so that all but the top 1-3 rams in 
the hierarchy would be forced to use alternative mating tactics. Our results suggest that an 
increase in the number of competitors makes breeding competition more difficult to sustain for 
small rams with short horns than for large rams with long horns. In bighorn sheep, horn size 
and body mass are associated with social rank (Pelletier & Festa-Bianchet, 2006, Martin et al., 
2013). An increase in the number of rams mostly reflects an increase in the number of 
subordinates. Therefore, with more competitors in the population, more males will resort to 
alternative tactics, likely reducing access to estrus females for weakly competitive rams.  
Most studies in nature have disregarded how age influenced sexual selection experienced by 
individuals. As a consequence, determinants of breeding success or drivers of sexual selection 
for young males remained poorly known, and were often attributed to random consequences of 
sperm competition (Hogg & Forbes, 1997). For instance, sexual selection was only detected 
for rams seven years and older in the study population in 1994-1999 (Coltman et al., 2002), a 
restricted period which reduced the power to detect sexual selection in young rams. Our study 
of the demographic- and age-dependence of selection revealed the conditions under which 
young males may also experience weak but significant sexual selection. The coursing tactic 
produces a scramble competition in which the number of mates shared by males two to four 
years results from mating monopoly by older and more competitive males. Facing a 
decreasing proportion of older competitors, males up to age four took over an increasing 
proportion of mates, mirrored by increasing selection differentials for males up to age four. 
The lightest young rams with the smallest horns were less competitive as the number of 
coursing rams increased, when young rams with relatively longer horns and heavier mass 
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achieved high relative reproductive success. Sexual selection intensities in males up to age 
four may thus result from mating monopoly of older individuals. For rams 5 years and older, 
however, no demographic parameter influenced selection intensity. This result suggests that 
mating competition among tending rams is independent of demographic parameters.  
Limitation of intrasexual selection 
Our results bring a new perspective to understand how selective harvesting may perturb 
phenotypic evolution. The strong and consistent positive linear selection on horn length, 
whose heritability h2 is 0.39±0.13 (Coltman et al., 2005) in bighorn sheep, is expected to lead 
to an increase of horn length, or counterbalance potential negative selection on genetically 
correlated characters (Lande & Arnold, 1983). Horn length and its breeding values, however, 
consistently decreased in 1972-2002 in our study population because of unrestricted 
harvesting of rams with large horns (Coltman et al., 2003). This temporal trend suggests that 
sexual selection on horn size is weaker than the selective effect of hunting. In addition to a 
direct negative effect on the evolution of secondary sexual characters, unrestricted selective 
harvesting may decrease the number of mating competitors and hence indirectly impact sexual 
selection. The number of males involved in mating competition was also a key factor affecting 
population dynamics in Milner et al. (2007)’s model of how selective harvesting may affect 
population growth rate, highlighting that the number of males is a demographic parameter 
with major importance in both ecological and evolutionary processes.  
Conclusion 
This study sought to identify the ecological drivers of sexual selection to explain its temporal 
variation and to further our knowledge of how it operates in nature. We explored how 
demographic parameters influenced the dynamics of sexual selection in a polygynous and 
highly sexually dimorphic species in natural conditions. We provide evidence that an 
increasing number of competitors intensifies sexual selection on horn length, by making 
competition less sustainable for the less competitive males. The effect of the number of 
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competitors on selection experienced by males of all ages is likely due to the use of different 
mating tactics. Finally, we showed that young males may experience sexual selection and their 
reproductive success is not just a random consequence of sperm competition. Our study is a 
rare documention of how ecological variables affect sexual selection, and emphasizes the 
value of detailed long-term studies to couple ecological and evolutionary processes and obtain 
insights in phenotypic evolution in nature. Understanding the importance of ecological drivers 
in the dynamics of selective processes is an exciting and challenging step required to identify 
how ecological drivers shape phenotypic evolution in nature.  
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Supplementary material 
Table S1. Demography of bighorn sheep at Ram Mountain, Alberta, Canada, during 
breeding seasons from 1988-1992 and 1996-2011. Years from 1993 to 1995 were 
excluded as no DNA sampling was conducted. Competitors is the number of genotyped 
males two years of age and older, and thus the number of candidate fathers. BSR: 
breeder sex-ratio is the ratio of parturient females in spring to the number of males two 
years and older alive in late September the previous year. Age structure is the 
proportion of males aged 2 to 4 divided by the number of competitors (2 years and 
older). Proportion of reproducers is the ratio of the number of males that were assigned 
at least one paternity over the total number of competitors. 
Year Lambs captured Competitors 
Age 
structure BSR 
Proportion 
of 
reproducers 
Males 
assigned 
a 
paternity 
Proportion 
of lambs 
assigned to 
males 2 to 4 
years 
1988 33 32 0.81 1.61 0.31 11 0.27 
1989 19 43 0.86 1.1 0.16 8 0.32 
1990 14 48 0.92 1.29 0.11 6 0.07 
1991 9 51 0.86 0.9 0.13 7 0.22 
1992 20 37 0.78 1.48 0.25 11 0.05 
1996 11 28 0.36 1.26 0.24 8 0 
1997 9 34 0.35 0.71 0.13 5 0 
1998 11 26 0.42 0.96 0.14 4 0 
1999 10 12 0.5 1.64 0.36 5 0.20 
2000 9 11 0.55 1.67 0.25 3 0 
2001 5 14 0.5 1 0.27 4 0.40 
2002 4 9 0.89 0.85 0.23 3 0.75 
2003 9 12 0.75 1.08 0.38 5 0.33 
2004 5 8 0.75 1.25 0.33 4 0.40 
2005 8 10 0.8 1.3 0.4 4 0 
2006 15 12 0.58 1.33 0.58 7 0.40 
2007 9 12 0.58 1.14 0.36 5 0.22 
2008 9 15 0.8 0.94 0.38 6 0.22 
2009 11 16 0.69 1.18 0.29 5 0.09 
2010 9 19 0.68 0.9 0.3 6 0.22 
2011 13 17 0.76 1 0.44 8 0.31 
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Table S2. Effect of a) horn length, b) body mass on reproductive success corrected for 
age of bighorn rams for 1988-1992 and 1996-2011, Ram Mountain, Canada. The 
significance of ram identity and the over-dispersion factor as random effects were 
confirmed by log-likelihood ratio tests (LRT: Ps < 0.001) in both models. For horn 
length, the proportion of deviance explained by random effects was 9.8% (variance 
explained: id=0.576, over-dispersion factor=0.306), and that explained by fixed effects 
was 30.7%. For body mass, the proportion of deviance explained by random effects was 
12.2% (variance explained: id=0.804, over-dispersion factor=0.179), and that explained 
by fixed effects was 27.1%. 
  variable estimate ± SE |z| P 
a) horn length     
 Intercept -2.248 0.294 7.653 <0.001 
 Horn length 0.720 0.163 4.432 <0.001 
 Age 0.150 0.060 2.506 0.012 
      
b) body mass     
 Intercept -1.632 0.166 9.829 <0.001 
 Mass 0.533 0.193 2.765 0.006 
 Age 1.896 0.732 2.591 0.010 
 Age2 -1.450 0.695 2.087 0.037 
 Mass x Age -1.245 0.632 1.972 0.049 
  Mass x Age2 1.311 0.616 2.130 0.033 
 
 
Table S3. Linear (i) and non-linear (j) selection differentials on horn length and body 
mass of bighorn rams for 1988-1992 and 1996-2011, Ram Mountain, Canada. 
Morphological trait  i ± SE |t| P  j ± SE |t| P 
Horn length  0.934 ± 0.007 9.675 <0.001  0.558 ± 0.000 0.138 0.890 
Mass  0.853 ± 0.008 9.764 <0.001  0.392 ± 0.000 1.871 0.061 
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Table S4. Annual linear selection differentials on horn length and body mass of bighorn 
rams of all ages, 2 to 4 years, and 5 years and older in 1988-1992 and 1996-2011, Ram 
Mountain, Canada. 
Age-class Years Horn length     Body mass    
All ages  i ± SE t P  i ± SE t P 
 1988 0.935 0.017 4.161 <0.001  0.911 0.019 4.277 <0.001 
 1989 1.417 0.015 5.013 <0.001  1.321 0.018 4.896 <0.001 
 1990 1.325 0.029 4.666 <0.001  1.067 0.032 4.118 <0.001 
 1991 0.665 0.033 1.727 0.091  0.317 0.034 0.84 0.405 
 1992 1.275 0.023 5.281 <0.001  0.966 0.027 3.396 0.002 
 1996 0.713 0.032 2.034 0.053  0.698 0.025 1.993 0.057 
 1997 1.053 0.06 2.422 0.022  1.249 0.032 4.491 <0.001 
 1998 1.063 0.062 1.931 0.066  1.268 0.082 2.635 0.015 
 1999 1.094 0.031 2.856 0.017  1.146 0.032 3.293 0.008 
 2000 0.082 0.115 0.521 0.619  0.04 0.077 0.262 0.801 
 2001 -0.254 0.03 -0.476 0.642  -0.153 0.032 -0.296 0.772 
 2002 0.454 0.039 0.713 0.499  0.696 0.047 1.178 0.277 
 2003 0.1 0.034 0.41 0.693  0.308 0.033 1.313 0.226 
 2004 0.712 0.036 1.77 0.127  0.877 0.026 2.651 0.038 
 2005 0.897 0.052 1.973 0.084  0.925 0.038 1.898 0.094 
 2006 0.448 0.019 1.108 0.305  0.642 0.018 1.659 0.141 
 2007 0.792 0.03 1.523 0.172  0.169 0.028 0.305 0.769 
 2008 0.839 0.019 2.144 0.052  0.756 0.019 2.078 0.058 
 2009 1.293 0.025 2.998 0.011  1.066 0.022 2.539 0.026 
 2010 1.09 0.025 2.534 0.024  0.908 0.026 1.748 0.102 
 2011 0.752 0.025 2.386 0.031  0.892 0.023 3.023 0.009           
2 to 4 years old i ± SE t P  i ± SE t P 
 1988 0.779 0.035 3.643 0.002  0.613 0.029 3.264 0.004 
 1989 1.151 0.097 4.469 <0.001  0.877 0.162 2.509 0.017 
 1990 0.099 0.104 0.878 0.386  0.107 0.111 1.174 0.248 
 1991 0.04 0.062 0.137 0.892  -0.05 0.055 -0.208 0.836 
 1992 0.023 0.084 0.205 0.84  0.037 0.086 0.369 0.716 
 1996 0 0.108 0 1  0 0.147 0 1 
 1997 0 0.032 0 1  0 0.027 0 1 
 1998 0 0.04 0 1  0 0.040 0 1 
 1999 0.645 0.237 1.002 0.39  0.434 0.126 0.775 0.495 
 2000 0 0.144 0 1  0 0.075 0 1 
 2001 0.298 0.081 0.158 0.889  1.386 0.109 0.518 0.656 
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 2002 0.272 0.057 0.345 0.742  0.63 0.070 0.917 0.395 
 2003 0.394 0.062 0.839 0.44  0.662 0.101 1.714 0.147 
 2004 0.952 0.151 1.67 0.193  0.826 0.057 2.752 0.071 
 2005 0 0.045 0 1  0 0.045 0 1 
 2006 -0.032 0.033 -0.059 0.957  0.018 0.037 0.034 0.975 
 2007 -0.184 0.059 -0.324 0.767  -0.076 0.045 -0.196 0.857 
 2008 0.372 0.042 1.011 0.342  0.323 0.032 1.119 0.296 
 2009 0.121 0.111 0.334 0.748  0.256 0.205 0.965 0.367 
 2010 0.654 0.090 1.881 0.093  0.667 0.183 4.239 0.002 
 2011 0.769 0.062 1.663 0.14  0.719 0.052 1.667 0.139            
5 years and older i ± SE t P  i ± SE t P 
 1988 -1.084 0.107 -0.238 0.824  0.952 0.069 0.342 0.749 
 1989 -0.745 0.058 -0.183 0.862  0.326 0.048 0.12 0.908 
 1990 6.251 0.100 0.915 0.402  1.482 0.100 0.238 0.821 
 1991 0.508 0.065 0.252 0.805  -0.581 0.063 -0.294 0.773 
 1992 4.217 0.03 3.577 0.004  1.421 0.043 0.925 0.373 
 1996 0.988 0.036 1.574 0.13  0.778 0.029 1.411 0.173 
 1997 3.45 0.083 1.695 0.111  3.968 0.044 3.189 0.006 
 1998 2.266 0.081 1.43 0.173  3.432 0.1 2.135 0.049 
 1999 2.961 0.044 3.641 0.015  2.094 0.051 2.891 0.034 
 2000 -1.311 0.582 -0.844 0.446  -0.247 0.152 -0.54 0.618 
 2001 -0.319 0.092 -0.23 0.824  0.053 0.094 0.043 0.967 
 2002 NA NA NA NA  NA NA NA NA 
 2003 0.528 0.336 0.378 0.77  0.665 0.103 22.323 0.028 
 2004 3.99 0.261 0.73 0.598  1.186 0.076 0.612 0.65 
 2005 1.248 0.082 0.472 0.669  1.21 0.044 0.902 0.433 
 2006 6.045 0.242 1.245 0.339  1.317 0.042 0.995 0.425 
 2007 3.146 0.117 0.627 0.595  -2.868 0.094 -1.667 0.238 
 2008 -2.41 0.05 -0.822 0.471  -3.928 0.081 -1.195 0.318 
 2009 1.253 0.077 0.3 0.783  -4.869 0.109 -1.53 0.223 
 2010 -7.334 0.062 -1.677 0.192  -1.53 0.03 -0.939 0.417 
 2011 1.063 0.062 1.149 0.294  1.154 0.038 1.926 0.102  
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Table S5. Demographic effects on the intensity of sexual selection on horn length and 
body mass of bighorn rams of a) all ages, b) 2 to 4 years, and c) 5 years and older. 
Covariance is annual linear selection differentials estimated on absolute reproductive 
success and standardized values of a character. Selection events 1988-1992 and 1996-
2011, Ram Mountain, Alberta, Canada. Competitors is the number of genotyped males 
two years of age and older. Age structure is the proportion of males aged 2 to 4 divided 
by the number of competitors (2 years and older). Variables in bold were retained in the 
final models.  
  Variable  Horn length  Body mass 
a) all ages  β ± SE t P  β ± SE t P 
 Selection Differential           
  Intercept  0.854 0.076 11.201 <0.001  0.816 0.071 11.420 <0.001 
  Competitors  0.252 0.076 3.337 0.003  0.153 0.075 2.030 0.057   Age structure  0.146 0.099 1.476 0.157  0.110 0.086 1.280 0.217   Breeder sex-ratio  0.058 0.082 0.712 0.486  0.045 0.077 0.582 0.568  Covariance           
  Intercept  1.038 0.112 9.263 <0.001  0.986 0.115 8.582 <0.001   Competitors  0.327 0.111 2.940 0.008  0.279 0.121 2.297 0.033   Age structure  -0.017 0.155 -0.108 0.916  0.040 0.148 0.268 0.792   Breeder sex-ratio  0.111 0.123 0.909 0.376  0.044 0.127 0.347 0.733              
b) 2 to 4 years  β ± SE t P  β ± SE t P 
 Selection Differential           
  Intercept  0.231 0.062 3.753 0.001  0.254 0.062 4.086 <0.001   Competitors  0.057 0.072 0.793 0.439  -0.039 0.073 -0.537 0.598   Age structure  0.221 0.071 3.130 0.006  0.212 0.075 2.841 0.010   Breeder sex-ratio  0.073 0.073 0.995 0.333  0.081 0.063 1.287 0.214  Covariance           
  Intercept  0.730 0.245 2.976 0.008  0.715 0.244 2.926 0.009   Competitors  0.360 0.277 1.299 0.210  -0.004 0.298 -0.012 0.990   Age structure  0.769 0.281 2.733 0.013  0.684 0.293 2.334 0.031   Breeder sex-ratio  0.252 0.290 0.869 0.397  0.203 0.255 0.796 0.437              
c) 5 years and older  β ± SE t P  β ± SE t P 
 Selection Differential           
  Intercept  0.860 0.679 1.267 0.221  0.596 0.391 1.524 0.145   Competitors  1.233 0.648 1.903 0.074  0.427 0.441 0.967 0.346 
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  Age structure  -0.206 0.634 -0.324 0.750  -0.383 0.382 -1.001 0.331   Breeder sex-ratio  1.187 0.640 1.856 0.080  0.052 0.421 0.124 0.903  Covariance           
  Intercept  0.779 0.308 2.530 0.021  0.933 0.807 1.156 0.263   Competitors  0.259 0.318 0.815 0.426  -0.297 0.919 -0.323 0.750   Age structure  -0.294 0.303 -0.971 0.346  0.403 0.774 0.520 0.609   Breeder sex-ratio  0.423 0.290 1.456 0.163  -0.280 0.873 -0.321 0.753  
 
 
Figure S1. Number of competiting rams, age structure, and breeder sex ratio over 
twenty-one years for bighorn sheep at Ram Mountain, Alberta. Selection events 1988-
1992 and 1996-2011, Ram Mountain, Alberta, Canada. 
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Figure S2. Relationship between annually standardized horn length and breeding 
success in bighorn rams. Selection events 1988-1992 and 1996-2011, Ram Mountain, 
Alberta, Canada.  
 
 
 
Figure S3. Age-specific linear selection differentials ± s.e. on horn length (triangles) 
and body mass (circles) increase with age. N gives the age-specific sample size. 
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CHAPITRE 4 
SÉLECTION SEXUELLE ET EFFETS PATERNELS 
Description de l’article et contribution 
La sélection sexuelle sur des caractères est générée par l’association entre leur valeur et le 
nombre de descendants produits. Pourtant, la valeur sélective d’un individu est le nombre de 
descendants sexuellement matures qu’il produit. La valeur sélective des mâles peut donc être 
modulée par des effets paternels affectant la survie des descendants jusqu’à leur maturité 
sexuelle. L’évolution des caractères sexuels secondaires par sélection sexuelle peut ainsi 
dépendre d’effets paternels. Il est cependant très difficile de détecter de tels effets si bien que 
leur découverte est récente et que leur importance évolutive en nature est très mal connue, 
contrairement au rôle reconnu des effets maternels. Grâce aux données individuelles à long 
terme de la population de Ram Mountain, cette étude montre que des effets paternels liés à la 
longueur des cornes augmentent fortement la survie des descendants mâles, mais pas celle des 
descendants femelles. Les effets paternels renforcent donc la sélection totale sur les cornes. 
L’attibution à des effets paternels de l’association entre le phénotype paternel et la survie des 
descendants est correcte selon la définition libérale d’un effet parental de Wolf et Wade 
(2009). Cependant, par souci consensus, la notion d’effet paternel est remplacée dans le 
manuscrit par l’association non aléatoire entre le phénotype paternel et la survie des 
descendants, en accord avec la définition plus restrictive d’effet parental de Mousseau et Fox 
(1998). L’idée de cette étude a germé lors d’une discussion avec David Coltman et a muri sous 
la supervision de Fanie Pelletier et Marco Festa-Bianchet. David Coltman a établi les 
paternités. J’ai contribué à collecter 3 saisons de données de 2009 à 2011, élaboré les idées de 
l’étude, analysé la base de données et rédigé le manuscrit sous la supervision de Fanie Pelletier 
et de Marco Festa-Bianchet. Fanie, Marco et David ont révisé et commenté le manuscrit.  
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Sexually antagonistic association between paternal phenotype and offspring viability 
reinforces total selection on a sexually selected trait. 
Soumis à Biology Letters 
Alexandre M. Martin, Marco Festa-Bianchet, David W. Coltman, Fanie Pelletier 
 
Abstract 
The evolution of conspicuous sexually selected traits, such as horns or antlers, has fascinated 
biologists for more than a century. Elaborate traits can only evolve if they substantially 
increase reproduction, because they likely incur survival costs to the bearer. Total selection on 
these traits, however, includes sexual selection on sires and viability selection on offspring, 
and can be influenced by changes in each of these components. Non-random associations 
between paternal phenotype and offspring viability may thus affect total selection on sexually 
selected traits. Long-term data on wild bighorn sheep (Ovis canadensis) provide the first 
evidence in nature that association between paternal phenotype and lamb viability strengthens 
total selection on horn size of adult rams, a sexually selected trait. The association of paternal 
horn length and offspring viability was sexually antagonistic: long-horned males sired sons 
with high viability but daughters of low viability. These results shed new light on the 
evolutionary dynamics of an iconic sexually selected trait, and have important implications for 
sustainable wildlife management. 
 
Keywords: sexual antagonism; sexual selection; total selection; viability selection 
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Introduction 
Fitness, the currency of evolution, can be empirically measured by the number of sexually 
mature offspring produced. Offspring survival to recruitment is therefore a critical component 
of parental fitness. Selection on offspring viability could strengthen sexual selection if 
offspring of males with more elaborated sexually selected traits had above-average survival. 
Conversely, decreased offspring viability as a function of paternal sexually-selected traits 
could counterbalance sexual selection. Father-offspring phenotypic resemblance through 
genetic or non-genetic inheritance [1] may influence offspring fitness [2]. Identifying how 
paternal phenotype may be related to offspring viability is thus critical to understand the 
evolutionary dynamics of sexually selected traits. This is further underlined by a recent debate 
on how total selection on sexually selected traits in the wild may respond to ecological factors 
such as predation on offspring [3].  
To investigate how the relationship between paternal phenotype and offspring viability 
influenced total selection on sexually selected traits, we used long-term data from wild 
bighorn sheep on Ram Mountain, Canada. In this polygynous mammal, rams with large horns 
achieve high rates of paternity. We used regression-based selection analyses to examine how 
successive selective events on mating success and offspring viability affected sexual and total 
selection [4] on paternal horn length and body mass. We had three objectives. First, we tested 
the hypothesis that offspring viability varied with paternal horn length and body mass. Second, 
we investigated whether the association between paternal phenotype and offspring viability 
varied according to offspring sex. Finally, to assess how viability selection affected total 
selection we quantified selection on paternal traits over successive selective episodes by 
considering the number of lambs produced, weaned, and recruited to one year. 
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Material and methods 
Animals and population 
Bighorn sheep display strong sexual size dimorphism and males are under sexual selection [5]. 
Sheep on Ram Mountain have been monitored since 1971 and caught in a corral trap baited 
with salt. Body mass (kg) and horn length (cm) were measured at each capture. Most sheep are 
first caught as lambs and their exact age is known [6]. Lamb tissue samples are genotyped to 
assess male reproductive success. Paternities of lambs that die before capture are unknown. 
Lamb survival is evaluated via repeated censuses from May to September. We considered that 
a lamb survived to weaning if it was alive in September, and to one year if it was seen the 
following May. As the resighting probability is nearly one [6], survival estimates are very 
accurate. The main survival selective event for lambs occurred during winter [7]. We used 21 
years of data from 1988-1992 and 1996-2011, when DNA samples were collected and 
paternity assigned.  
Paternity assignment 
Samples genotyped at 26 microsatellite loci [8] resolved 229 paternities among 61 candidate 
fathers aged 2 years and older, assigned with 95% confidence in CERVUS [9]. We excluded 
lambs conceived from 1993 to 1995 because samples were not collected in 1994 to 1996.  
Selection analyses 
We estimated standardized selection differentials i on both horn length and body mass 
following [4] as:   '()*+, , where trait was annually standardized to zero mean 
and unit variance, and fitness was the relative annual fitness obtained by dividing individual 
absolute fitness by annual mean fitness. The strength of linear selection was estimated by 
selection differentials obtained by regressing standardized phenotypic traits against relative 
fitness [4]. We used three proxies of fitness: i) breeding success: the number of offspring 
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sampled, ii) weaning success: the number of offspring surviving to late September, and iii) 
recruitment: the number of offspring that survived to one year. We pooled all years to estimate 
the selection differentials on horn length and body mass for each fitness proxy. The 
standardization of individual horn length and body mass allowed a comparison of selection 
differentials. We performed a Z-test for each comparison of selection differentials. Z-scores 
were calculated as
22
ji
ji
SESE
Z
+
−
=
ββ
, where β and SE were respectively the selection 
differential and their associated standard errors calculated for two different fitness proxies. A 
Z-score higher than 1.96 indicates a significant difference in a two-tailed test (P<0.05). 
According to [11], the contribution of offspring viability to total selection was calculated as 
,-.,/012-3145	7,	85,-.,/012-31 , where selection differential i was calculated via breeding success and 
weaning success and recruitment. 
Paternal effects on offspring viability 
To evaluate whether paternal traits affect offspring viability, we modelled lamb survival to one 
year as a function of annually standardized paternal horn length or body mass, using separate 
generalized linear mixed effect models with a binomial error distribution and a logit link. 
These models also included the effects of lamb sex and an interaction between lamb sex and 
annually standardized paternal horn length or maternal body mass, lamb mass in September, 
population density, father’s age, annually standardized maternal mass gain during summer, 
and mother’s age. Lamb mass in September affects survival over winter [10]. Standardized 
maternal mass gain during summer was interpreted as the ability of mothers to cope with 
environmental conditions and the energy costs of lactation. All continuous explanatory 
variables were scaled to zero mean and unit variance to allow comparison of their effect sizes. 
We also included year of birth, and mother and father identity as random variables to account 
for non-independence of offspring born from the same mother, father or in the same year. We 
used log-likelihood ratio test to assess the significance of random effects and to ensure that 
model fit was not reduced at each deletion step of the backward model simplification [11]. 
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Inclusion of parental characteristics reduced the variance explained by random effects that 
turned not significant. We nevertheless kept these random variables to account for the 
hierarchical structure of the data. All statistical analyses were performed using R version 
2.14.1 [12], and generalized linear mixed models were fitted using the “lme4” library [13].  
Results 
We found a sexually antagonistic non-random association between paternal phenotype and 
offspring viability (interaction paternal horn length - offspring sex: β=1.189±0.417 SE, 
z=2.851, P=0.004, figure 1, table 1). Survival from September to May of male and female 
lambs respectively increased by 15.4% and decreased by 11.4% per unit of standard deviation 
of paternal horn length. In absolute terms, survival of male and female lambs respectively 
increased by 1.12% and decreased by 0.83% per centimeter of paternal horn length. Selection 
on horn length was stronger via lamb recruitment (table 2) than via the number of lambs 
produced (Zrecruitment-lamb production=12.111, P<0.001) or weaned (Zrecruitment-weaning=11.015, 
P<0.001). Viability selection on offspring contributed 12.3% of the total selection on paternal 
horn length. Despite the strong correlation between horn length and body mass (r=0.93, 
t=50.744, df=430, P<0.001), paternal mass did not affect lamb viability, although it had a non-
significant effect similar to that of horn length (table S1). The selection differential on paternal 
mass was stronger via lamb recruitment than via lambs produced or weaned (table 2). 
Population density or paternal age did not influence offspring viability (all Ps >0.23, table S1). 
Horn length and body mass in males are genetically correlated and heritable [14]. Since our 
models controlled for offspring body mass, which affects lamb winter survival [15], the 
relationship between paternal phenotype and offspring viability was not simply due to heavy 
and large-horned males producing large sons and small daughters.  
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Table 1. Effect of paternal horn length interacting with lamb sex on survival to one year 
of bighorn lambs at Ram Mountain, Canada, 1988-1992 and 1996-2011. Estimates are 
from a generalized linear mixed model with a binomial error distribution that included 
mother and father identity and year of birth as random effects. Female lambs were the 
sex of reference. 
Variable Estimate ± SE z P 
Intercept 0.860 0.275 3.134 0.002 
Father horn length -0.594 0.308 -1.928 0.054 
Lamb sex (male) -0.920 0.383 -2.403 0.016 
Mother mass gain 0.657 0.202 3.245 0.001 
Offspring mass 0.419 0.205 2.047 0.041 
Father horn length x Lamb sex (male) 1.189 0.417 2.851 0.004 
 
 
Figure 1. Bighorn lamb survival from September to May and paternal standardized 
horn length at Ram Mountain, Alberta, 1988-2011. The grey and black solid lines are 
predictions of the model in Table 1, respectively for females and males lambs. Grey 
dots and black diamonds are data points for female and male offspring respectively. 
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Table 2. Linear selection differentials calculated via the number of lambs produced, 
weaned, and recruited, on horn length and body mass of bighorn rams at Ram 
Mountain, Canada, 1988-1992 and 1996-2011. Different superscripts indicate 
significant differences between selection differentials. 
Traits Fitness proxy 
Linear selection  
differential ± SE 
t P 
Horn length Production 0.934 ± 0.006 a 9.675 <0.001 
Horn length Weaning 0.939 ± 0.007 a 9.403 <0.001 
Horn length Recruitment 1.065 ± 0.009 b 7.004 <0.001 
Body mass Production 0.853 ± 0.007 c 9.764 <0.001 
Body mass Weaning 0.844 ± 0.008 c 9.352 <0.001 
Body mass Recruitment 0.885 ± 0.010 d 7.188 <0.001 
 
Discussion 
Only a handful of studies of vertebrates have examined the relationship between paternal 
phenotype and offspring viability in nature [16, 2] and none investigated whether this 
relationship modifies selection on sexually selected traits. Because rams with the longest horns 
were sexually selected, sexual selection and offspring viability selection acted in concert. Our 
investigation of successive selection events thus revealed that a substantial part of total 
selection on paternal horn length was due to viability selection on offspring.  
Our results have important implications for evolutionary biology, wildlife management and 
conservation. In long-lived species, attention should be paid to how successive selective 
episodes affect total selection, because selection on quantitative traits can vary over the 
lifespan in changing environments [17]. Evaluating how different fitness components may 
influence the overall strength of selection is critical for understanding the temporal dynamics 
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of selection on phenotypic traits. Given the potentially important role of viability selection in 
total selection on sexually selected traits, sexual selection analyses alone may not reveal fully 
the evolutionary dynamics of these traits. Predictions of evolutionary changes in sexually 
selected traits should consider possible correlations of these traits with other fitness 
components. Finally, trophy hunting exerts strong artificial selection with potentially 
undesirable evolutionary effects by selectively removing large-horned males [14]. Our result 
suggests that trophy hunting may also have sex-specific effects on juvenile survival. Selective 
hunting may thus have indirect effects on population sex ratio, an important factor for 
population dynamics, recruitment, and wildlife management [18]. 
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Supplementary material 
Table S1. Effects of a) paternal horn length and b) paternal body mass interacting with 
lamb sex on survival to one year of bighorn lambs at Ram Mountain, Canada, 1988-
1992 and 1996-2011. Estimates are from a generalized linear mixed model with a 
binomial error distribution that included mother and father identity and year of birth as 
random effects. Female lambs were the sex of reference. Variables in bold were retained 
in the final model. Order of deletion is given in parenthesis.  
   Estimate SE z P 
a) Paternal horn length      
 Intercept  0.860 0.275 3.134 0.002 
 Father horn length  -0.594 0.308 -1.928 0.054 
 Lamb sex (male)  -0.920 0.383 -2.403 0.016 
 Mother mass gain  0.657 0.202 3.245 0.001 
 Offspring mass  0.419 0.205 2.047 0.041 
 Father horn length x Lamb sex (male)  1.189 0.417 2.851 0.004 
 Age of father (4) 0.348 0.242 1.438 0.150 
 Population size (3) -0.105 0.248 -0.424 0.672 
 Age of mother (2) -0.028 0.189 -0.150 0.881 
 Mother mass gain x Father horn length (1) -0.322 0.264 -1.220 0.223 
       
b) Paternal body mass      
 Intercept  0.706 0.248 2.840 0.005 
 Lamb sex (male)  -0.690 0.276 -2.501 0.012 
 Mother mass gain  0.565 0.208 2.714 0.007 
 Offspring mass  0.447 0.155 2.886 0.004 
 Population size (6) -0.155 0.189 -0.819 0.413 
 Age of father (5) 0.097 0.172 0.562 0.574 
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 Father body mass (4) -0.080 0.255 -0.312 0.755 
 Age of mother (3) -0.062 0.181 -0.342 0.732 
 Father body mass x Lamb sex (male) (2) 0.527 0.382 1.379 0.168 
 Mother mass gain x Father body mass (1) -0.086 0.212 -0.405 0.685 
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CHAPITRE 5 
QUELLES MESURES POUR LA SÉLECTION INTRASEXUELLE ? 
Description de l’article et contribution 
Mesurer adéquatement la sélection est un enjeu au cœur de la biologie évolutive. Plusieurs 
mesures ont été développées mais diffèrent dans leurs approches. Les différentiels et gradients 
de sélection, ciblant les caractères, sont les plus à même de prédire l’évolution du phénotype 
mais nécessitent des données particulièrement difficiles à collecter en nature. Des méthodes 
alternatives, comme les opportunités de sélection I et Is et les indices d’asymétrie du succès 
d'accouplement, peuvent donc être utilisées pour informer sur les patrons de sélection sexuelle 
en ciblant la variance du succès d'accouplement. Un récent article (Klug et al. 2010) critiquant 
la fiabilité de Is a relancé un débat commencé dans les années 1980, prouvant la nécessité de 
continuer les recherches pour améliorer les mesures de sélection. Ce chapitre a pour objectif 
de prendre le contre pied des critiques basées sur la modélisation, en testant avec les données 
de Ram Mountain comment des mesures indirectes de sélection sont corrélées au différentiel 
de sélection. L’intérêt est que le système d’appariement du mouflon d’Amérique correspond à 
un exemple modélisé par Klug et al. (2010) : une relation positive est prédite entre différentiel 
et opportunité de sélection sexuelle pour un système où la sélection sexuelle et la variance du 
succès d’accouplement sont fortes. Les résultats montrent que même un système polygyne 
avec une forte sélection sexuelle ne permet pas aux mesures indirectes de sélection d’être 
corrélées aux différentiel de sélection, contrairement aux prédictions de Klug et al. (2010). Ces 
résultats mettent en question la logique souvent utilisée selon laquelle l’augmentation de la 
variance en succès d’accouplement prédit une augmentation de l’intensité de la sélection. J’ai 
eu l’idée de cette étude, analysé la base de données et rédigé le manuscrit sous la supervision 
de Fanie Pelletier et de Marco Festa-Bianchet. Fanie, Marco et David Coltman ont révisé et 
commenté le manuscrit.   
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Abstract 
Many measures were proposed to quantify sexual selection but their reliability and consistency 
have been questioned for decades. The realized selection on quantitative characters measured 
by the selection differential i was approximated by metrics based on the variance in mating 
success, using either the opportunity for sexual selection Is or indices of mating inequality. 
There is no consensus about which metric best approximates realized selection on sexual 
characters. Recently, the opportunity for selection on character mean OSM was proposed to 
quantify the maximum potential selection on characters. Using 21 years of data from bighorn 
sheep (Ovis canadensis), we investigated the correlations between seven indices of mating 
inequality, Is, OSM and i on horn length. Bighorn sheep are ideal for this comparison because 
they are highly polygynous, sexually dimorphic, ram horn length is under strong sexual 
selection, and we have detailed knowledge of individual reproductive success. Different 
metrics provided conflicting information, and could lead to spurious conclusion about 
selection patterns. Iδ, and to a lesser extent Is, showed the highest correlation with i on horn 
length, suggesting that these indices can document mating inequality in a selection context. 
OSM on horn length was strongly correlated with i, Is, and indices of mating inequality. By 
integrating information on both realized sexual selection and mating inequality, OSM appeared 
to be the best proxy of sexual selection and may be best suited to explore its ecological bases.  
Keywords: Opportunity for sexual selection, quantitative characters, selection differential, 
selection intensity, skew index, sexual selection.  
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Introduction 
Sexual selection hinges on the differences in reproductive fitness among individuals 
competing for access to mates (Andersson, 1994, Darwin, 1871), and drives the evolution of 
heritable characters that influence mating competitiveness. The relationship between 
phenotype and reproductive success therefore determines the shape, direction, and intensity of 
sexual selection (Arnold & Wade, 1984). To understand sexual selection, it is therefore 
important to quantify it. To that end, different metrics have been developed, but their 
reliability and consistency have been questioned for decades (Downhower et al., 1987, 
Sutherland, 1985). Recently, the empirical and theoretical foundations of these metrics have 
been the subject of intense debate (Klug et al., 2010, Jennions et al., 2012, Krakauer et al., 
2011, Gowaty et al., 2012). 
The measurement of selection on quantitative characters requires individual-based data on 
both phenotype and reproductive success. The selection differential and selection gradient 
estimate the observed selection on a character by quantifying the covariance between character 
values and fitness (Price, 1970). They represent the difference in mean character value 
between the entire population and individuals that reproduced (Lande & Arnold, 1983). 
Information on both phenotype and reproductive success, however, is particularly difficult to 
obtain for promiscuous and polygynous species where observed mating success is not 
necessarily strongly correlated with reproductive success (Coltman et al., 1999). In the 
absence of individual-based data, population-level measures based only on the variance in 
reproductive output and irrespective of phenotype (Wade, 1979) have been used to assess the 
strength of sexual selection (e.g. Vanpé et al., 2007). The opportunity for selection I and the 
opportunity for sexual selection Is are measures based on the variance in relative reproductive 
or mating success, respectively, and are assumed to set the upper limit to the intensity of 
directional selection.  
The opportunity for sexual selection Is is rooted in the evolutionary framework of sexual 
selection, but its interpretation has been criticized (Klug et al., 2010, Jennions et al., 2012, 
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Krakauer et al., 2011). Assuming total heritability of fitness, the response to selection should 
equal the covariance of fitness with itself, and the intergenerational change in mean fitness 
would equal the variance in fitness (Arnold & Wade, 1984, Crow, 1958). The 
intergenerational change in mean fitness relative to the fitness of the population before 
selection corresponds to the variance in relative fitness, which is the opportunity for selection 
I, and mathematically describes Fisher’s (1930) fundamental theorem of natural selection. 
Recent simulations, however, showed that the opportunity for sexual selection Is was only 
weakly correlated with selection on quantitative characters (Klug et al., 2010). Two main 
reasons may explain this inconsistency. First, Is is based on the variance of mating success 
which can be strongly affected by random variations (Koening & Albano, 1986, Downhower 
et al., 1987). The opportunity for sexual selection Is may thus not correlate with realized 
sexual selection when mating success is affected by stochastic ecological factors (Klug et al., 
2010). Second, Is does not take into account variance in quantitative characters, therefore it 
cannot be used to study selection on particular characters (see Klug et al., 2010). Pelletier and 
Coulson (2012) developed a method to measure the maximum potential selection intensity on 
a quantitative character, called the opportunity for selection on a character mean (OSM). OSM 
is an extension of Lande and Arnold (1983)’s method, focusing on the covariance between a 
character and fitness, and is thus calculated on the same scale as the selection differential. It 
can be used to estimate how the maximum potential selection on particular characters 
responds to ecological changes, contrary to Is.  
Several measures of mating inequality have also been proposed to assess the patterns and 
levels of sexual selection in nature. For example, a handful of experimental studies showed 
that Is increases with the operational sex ratio (OSR), defined as the relative numbers of 
females and males ready to mate at a given time and place (Jones et al., 2004, Jones et al., 
2005, Mills et al., 2007). These studies manipulated OSR to impact sexual selection intensity. 
They assumed that OSR was an ecological determinant of mating competition, likely to 
influence mating inequality and sexual selection patterns. Recent studies, however, questioned 
the usefulness of OSR to quantify mating competition or the strength of sexual selection (Klug 
et al., 2010, Kokko et al., 2012, Fitze & Le Galliard, 2008). To relate mating inequality to the 
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intensity of sexual selection, one requires indices that specifically quantify inequality in 
resource acquisition (review: Kokko et al., 1999). The most commonly used indices are based 
on variance in the amount or proportion of acquired resources (Kokko et al., 1999), and are 
thus related to Is which is the variance in relative mating success. 
Partly because very few comparative studies exist (Jones et al., 2005, Jones et al., 2002, Mills 
et al., 2007, Fitze & Le Galliard, 2011), whether or not proxies of sexual selection correlate 
with realized sexual selection on characters remains controversial. The reliability and 
consistency of proxies of sexual selection can be tested by their relationship with realized 
selection in a system with known strong sexual selection on a character. Our study 
investigated the correlation between seven indices of mating inequality, Is, OSM and the 
selection differential on horn length of bighorn rams (Ovis canadensis).  
Bighorn sheep are an ideal species for such a comparative study: they are highly polygynous 
and sexually dimorphic, mate monopolization is strong, and ram horns are under strong sexual 
selection, their size being correlated with mating success (Coltman et al., 2002). Horn size 
also affects the acquisition of social rank (Martin et al., 2013) which determines the mating 
tactic used by each ram (Hogg, 1984). Based on these observations, indices of mating 
inequality were predicted to correlate with the opportunity for sexual selection Is, the 
opportunity for selection OSM on horn length and the selection differential i on horn length. 
We used 21 years of individual-based monitoring and molecular assignment of paternities in a 
wild population of marked bighorn sheep to test this prediction.  
Materials and methods 
Study population and mating system 
We used data collected during the ruts of 1988-1992 and 1996-2011 from marked and known-
age bighorn sheep on Ram Mountain (52ºN, 115ºW, elevation 1080 – 2170 m), Alberta, 
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Canada. Sheep of this population have been captured in a corral trap baited with salt since 
1971 (Jorgenson et al., 1993), and marked with unique combinations of ear tags and collars.  
The rut starts in late November (Pelletier, 2005) and variability in ram breeding success arises 
partly from the use of alternative mating tactics (Hogg, 1984, Hogg, 1987). Rams establish a 
linear dominance hierarchy where rank increases with age, horn size and body mass (Pelletier 
& Festa-Bianchet, 2006, Martin et al., 2013). Rams in the top 1-4 ranks of the hierarchy obtain 
about 60% of paternities (Hogg & Forbes, 1997) by using a mate guarding tactic called 
tending (Hogg, 1984). The remaining 40% of paternities are shared by up to three dozen 
subordinate rams that use alternative mating tactics. 
Morphological measurements 
Over 90% of adult rams were caught 1-3 times each summer. We measured total horn length 
of captured rams from the base to the tip, along the outer curvature. We accounted for summer 
growth by adjusting horn length to September 15th, consistent with previous studies (Festa-
Bianchet et al., 2000). We estimated individual horn growth rates by fitting linear mixed 
models on repeated measurements each summer (Martin & Pelletier, 2011). Models included 
male identity (intercept) and the square root of capture date (slope) as random effects, and age 
and the square root of date as fixed effects. The square-root transformation of capture date 
linearizes growth over the summer (Festa-Bianchet et al., 1996). 
Paternity assignments and mating success  
Tissue sampling began in 1987. Samples were genotyped at 26 microsatellite loci (Coltman et 
al., 2005) and we assigned 229 paternities among 61 males from 1988 to 1992 and from 1996 
to 2011 with 95% confidence in CERVUS (Marshall et al., 1998). Tissue samples were not 
collected in 1994-1996. Consequently, we excluded from analyses ruts from 1993 to 1995 
because paternities for lambs conceived during these 3 ruts could only be established only if 
they survived to 1997. Paternities of lambs that died before capture were unknown. Given that 
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bighorn ewes produce only one lamb per year, the number of offspring assigned to each male 
during a rut was the genetic mating success, hereafter called mating success. 
Measures of mating inequality 
We computed seven commonly used indices of inequality in resource acquisition (Kokko et 
al., 1999) for annual mating success. Increasing values of these indices indicate greater 
inequality in the distribution of mating success. In the following formulae, N is the number of 
rams, 9 and 9̅ are mating success and its mean, respectively, and ;<  is the variance of mating 
success. The equation for each index is followed by parentheses with their minimum value 
when matings are equally distributed among males (Eq) and their maximum value when all 
matings are monopolized by one individual (Mo). Ra is the value when matings are randomly 
distributed, and is provided only for indices for which it can be computed. 
The weighted skew index S (Keller & Vargo, 1993, Reeve & Ratnieks, 1993) describes the 
variance in mating success among successful breeders, weighted by the number of 
competitors. =  >4$?4$%>3>4	%	>3  (Eq=0, Mo=1), where N is the number of individuals, ;<  is the 
sample variance in mating success, and b and n refer to successful and non-successful breeders 
respectively. 
The corrected skew index Sc (Keller & Krieger, 1996) corrects potential bias in the S index due 
to random variation in mating success (Tsuji & Tsuji, 1998) by the expectation of S under the 
hypothesis of random mating Ho: =  @AB@|DEFGAB@|DEF (Eq=H @AB@|DEFGAB@|DEF, Ra=0, Mo=1). 
The linear skew index S3 (Pamilo & Crozier, 1996) corrects for mathematical issues of S and 
does not require separation of successful and non-successful breeders. 
=I  >G ∑ K0/∑ K0M0NO $M0NO⁄ >G  (Eq=0, Mo=1), where 9/∑ 9>QG  is the proportional mating success 
of the ith individual across all individuals.  
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The monopolization index Q (Ruzzante et al., 1996) estimates the observed degree of 
inequality in mating success relative to when all matings are monopolized by one individual. 
R  ?$K>K̅$K̅ (Eq=H GK̅G, Ra=0, Mo=1). 
The iterative skew index λ (Kokko & Lindström, 1997) is an estimated parameter of a 
geometrical model of mating success that fits the observed data. The expected proportion of 
matings p of an individual with rank r out of n males is: BSF  TGT,UOGGT3  (Eq=Ra=0, Mo=1). 
Rank r is based on mating success.  
The Morisita index Iδ (Morisita, 1962) was initially developed to quantify spatial crowding. It 
was later proposed to measure mating inequality (Tsuji & Tsuji, 1998). VW  X ∑ K0$M0NO ∑ K0M0NOY∑ K0M0NO Z$∑ K0M0NO  
(Eq=1 H >G>K̅G, Ra=1, Mo=N). 
The binomial skew index B (Nonacs, 2000) estimates the difference between the observed 
variance in mating success and the expected variance when all individuals have the same 
probability to reproduce. \  ∑ ]S H 0>1^
< H GG >_⁄ ∑ K0M0NO>QG . (Eq=G >_G⁄∑ K0M0NO , Ra=0, Mo=1 H 1 X⁄ `
G >_G⁄
∑ K0M0NO ). 
Measures of selection opportunity 
The opportunity for sexual selection Is (Crow, 1958, Wade, 1979) is an indirect measure of 
selection because it does not consider selection on particular characters. Is is the squared 
coefficient of variation in mating success: V  ?$K̅$, were ;< and 9̅ are the variance and mean of 
mating success 9. Since Is is the squared coefficient of variation of mating success, it is also an 
interpreted as an index of mating inequality. 
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The opportunity for selection on a character mean OSM (Pelletier & Coulson, 2012) measures 
the maximum potential selection on particular characters. It is a selection differential on 
ranked values of character a and fitness b: c=d  '()a , b, where fitness and character 
values are associated according to their rank. 
Measures of selection 
The selection differential i (Lande & Arnold, 1983) assesses selection on a character by 
estimating the covariance between that character a and fitness	b:   '()a,b. We estimated 
annual standardized selection differentials on horn length by regressing annual relative mating 
success against annual standardized horn length (Lande & Arnold, 1983). Relative 
reproductive success was obtained by dividing each individual’s absolute reproductive success 
by the annual mean mating success. Horn length was annually standardized to zero mean and 
unit variance. Statistical significance for each selection differential was estimated with 
generalized quasi-Poisson linear models where unstandardized characters were regressed 
against absolute fitness.  
The realized proportion of achievable selection Rp (originally Q, Pelletier & Coulson, 2012) 
estimates realized selection on a character relative to the maximum potential selection on it. 
ef  @g where i is the selection differential and OSM is the opportunity for selection on a 
character mean. Given that the selection differential i and OSM are defined on the same scale, 
as Rp approaches 1, the more the maximum potential for selection OSM is realized.  
Statistical procedures 
Skew indices were estimated using Skew Calculator (Nonacs, 2003, available at 
https://www.eeb.ucla.edu/Faculty/Nonacs/PI). All other statistics were performed with R 
version 2.14.1 (R Development Core Team, 2011). Since all metrics of mating inequality and 
selection were calculated annually, sample size was 21, the number of years of data. An outlier 
value of OSM was removed. To describe the distribution of indices, we provide the mean ± sd 
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of their annual values. This is different from estimating the global selection differential by a 
linear model that pools the entire dataset since annual contributions to the global selection 
differential are weighted by annual sample sizes. Pairwise associations between measures of 
selection and indices of mating inequality were tested with Person’s product moment 
correlation. We compared correlations using the function “paired.r” from the library “psych”. 
To better interpret the correlation matrix of selection measures and proxies, we also 
characterized their relationships using a principal component analysis (PCA) performed with 
the library “FactoMineR” (Husson et al., 2013). Angles between vectors approaching 0 or 180 
indicate stronger correlations between vectors. Angles of 0° and 180° indicate positive and 
negative correlation, respectively, while 90° indicate no relationship between variables.  
 Results 
The median and mean values of the selection differential i on horn length were 0.84 and 0.80 
(CV=0.55), those of the OSM on horn length ranged between 1.38 and 1.4 (CV=0.21), and 
those for the realized proportion of achievable selection Rp on horn length were 0.68 and 0.60 
(CV=0.38, Figure 1). 
The selection differential i was only correlated with the OSM (r=0.53, P=0.016). The OSM 
was also correlated with the opportunity for sexual selection Is (r=0.63, P=0.003). We found 
that Is was correlated with all indices of mating inequality (all Ps<0.026) except for λ (P=0.56, 
Table 1, Figure 2). The index Iδ (r=0.42, P=0.059) and the opportunity for sexual selection Is 
(r=0.36, P=0.11) were the proxies of sexual selection most strongly correlated with the 
selection differential i. The correlations of the selection differential i with Iδ and Is did not 
differ (t=0.75, P=0.46). All indices of mating inequality except λ correlated with each other  
(all r>0.47, P<0.032). The average correlation between indices of reproductive inequality was 
0.62 (CV=0.37), or 0.72 (CV=0.20) excluding λ. OSM correlated with S, S3, and Iδ, but not 
with Sc (r=0.41, P=0.074), Q (r=0.04, P=0.851) or B (r=0.08, P=0.741, Table 1). 
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The first three components of the PCA explained 89.83% of the total variance (first=59.12% , 
second=21.03%, third=9.67%). Three groups of variables can be distinguished in the PCA 
(Figure 3). The first component synthetizes the variance based indices of mating inequality. 
The second component, by definition independent of the first, synthetizes two opposed groups: 
the covariance-based selection measures (i and OSM) and λ. 
 
 
 
 
Figure 1. Frequency distribution (number of years) of i, OSM, and Rp on horn length. 
Calculated from the annual mating success of bighorn sheep males at Ram Mountain, 
Alberta in 1988-1992 and 1996-2011. 
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Table 1. Correlation matrix (correlation coefficient (P-value)) for indices of mating 
inequality, and measures of sexual selection on horn length. Calculated from the annual 
mating success of bighorn sheep males at Ram Mountain, Alberta in 1988-1992 and 
1996-2011. Significant correlations (P<0.05) are in bold. 
S 1          
          
Sc 
0.57 1         
(0.007)          
S3 
0.96 0.67 1        
(0.000) (0.001)         
Q 0.47 0.83 0.63 1       
(0.032) (0.000) (0.002)        
λ 
0.15 0.3 0.29 0.72 1      
(0.519) (0.182) (0.206) (0.000)       
Iδ 
0.77 0.81 0.80 0.66 0.24 1     
(0.000) (0.000) (0.000) (0.001) (0.289)      
B 0.5 0.85 0.66 1 0.68 0.71 
1    
(0.022) (0.000) (0.001) (0.000) (0.001) (0.000)     
Is 
0.89 0.62 0.87 0.48 0.14 0.93 0.53 1   
(0.000) (0.003) (0.000) (0.026) (0.559) (0.000) (0.013)    
OSM 0.64 0.41 0.59 0.04 -0.22 0.54 0.08 0.63 1  
(0.003) (0.074) (0.006) (0.851) (0.352) (0.014) (0.741) (0.003)   
i 
0.26 0.35 0.22 -0.04 -0.38 0.42 0.02 0.36 0.53 1 
(0.254) (0.120) (0.330) (0.880) (0.093) (0.059) (0.946) (0.106) (0.016)  
 S Sc S3 Q λ Iδ B Is OSM i 
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Figure 2. Frequency distribution (number of years) of metrics of mating inequality and 
maximum potential selection. Calculated from the annual mating success of bighorn 
sheep males at Ram Mountain, Alberta in 1988-1992 and 1996-2011. S: weighted skew 
index, Sc: corrected skew index, S3: linear skew index, Q: monopolization index, λ: 
iterative skew index, Iδ: Morisita index, B: binomial skew index, Is: opportunity for 
sexual selection. 
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Figure 3. Correlation circles from a PCA of different measures of selection on horn 
length and mating inequality for bighorn rams in 1988-1992 and 1996-2011, Ram 
Mountain, Alberta, Canada.  
 
Discussion 
Bighorn rams with the longest horns had the highest mating success: the median selection 
differential i of 0.84 was 4 times stronger than the absolute median directional selection 
differential of 0.21 for fecundity selection estimated on the number of offspring produced 
reported by Hereford et al. (2004). Hereford et al.’s meta-analysis of selection measures on 
characters provides benchmark values of selection for several fitness proxies. Together with 
the mean value of Rp, the high mean selection value confirms that ram horn length is under 
very strong sexual selection. The level of sexual selection we measured was 60±23.3% of the 
maximum potential selection on horn length. This rate of realized sexual selection is higher 
than those reported for natural selection on juvenile body mass in wild red deer (Cervus 
elaphus, 36%) and feral Soay sheep (O. aries, 44%) in Pelletier and Coulson (2012). All 
together these results confirm that ram horns in this species are strongly sexually selected. 
This sexual character is therefore appropriate to investigate the ability of mating indices to 
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detect sexual selection. The different proxies of sexual selection, however, provided 
conflicting information. We found a moderate correlation among indices of mating inequality. 
The PCA analyses revealed that they formed a group relatively independent of covariance-
based selection measures suggesting that measures of selection and of mating inequality are 
not interchangeable. Thus, using only proxy of sexual selection may lead to conflicting 
conclusions on the strength of sexual selection in different mating systems. Authors have 
advocated the use of multiple measures of mating systems to better quantify sexual selection 
(Jones, 2009, Klug et al., 2010). Being all rooted in similar theoretical foundations, these 
measures are expected to covary. In addition, given that each index has its own specificities in 
describing mating inequality (Kokko et al., 1999), there is no a priori rule to choose one over 
another. In the context of sexual selection analyses, however, an index of mating inequality 
should correlate with measures of selection. Despite strong sexual selection on horn length, i 
was not correlated with Is nor with any index of mating inequality, although for Iδ (r=0.42, 
P=0.059) and λ (r=-0.38, P=0.093) the correlation was nearly significant. The index λ, 
however, tended to decrease, while it was expected to increase with the realized sexual 
selection. Accordingly, Iδ had the highest positive correlation with i and was strongly 
correlated with Is (r=0.93, P<0.001). Iδ and Is (correlation with the selection differential i: 
r=0.36, P=0.11) appeared to be the most reliable to characterize patterns of mating 
monopolization in a polygynous system with strong sexual selection on characters. 
A central concern over the opportunity for sexual selection is that its expected correlation with 
realized sexual selection assumes that a consistent proportion of maximum selection is reached 
(Klug et al., 2010). On the contrary, we showed that the realized proportion of maximum 
achievable selection Rp on horn length was highly variable (CV=0.52, Figure 1), likely 
decoupling Is and i in our study system. This is a striking result because pronounced polygyny 
of bighorn rams and strong sexual selection on horns are two conditions under which a 
correlation between Is and i was expected (Klug et al., 2010). The OSM was correlated with i 
and Is with a similar intensity (t=0.49, P=0.627) which is consistent with results for red deer 
and Soay sheep (Pelletier & Coulson, 2012). The OSM therefore integrated information 
provided by i, Is, and indices of mating inequality. The OSM thus appears to be a reliable 
 110 
 
measure of selection because it links the approaches of the opportunity for sexual selection Is 
and the character-centered selection differential i. On the contrary, the poor correlation of Is 
with i support the caution urged by Klug et al. (2010) concerning the use of Is to draw 
conclusions about sexual selection. Is should only be used for what it was designed for: 
characterizing mating systems (Arnold, 1994, Jones, 2009). 
The value of Iδ and Is as descriptors of mating inequality in a selection context is related to 
their dependence on the mean mating success and the number of competitors. This is a major 
drawback because these indices are sensitive to increasing variance in mating success as mean 
success decreases (for details on mathematical limitations beyond the scope of our article see 
Tsuji & Tsuji, 1998, Nonacs, 2003, Nonacs, 2000, Fairbairn & Wilby, 2001). In addition, the 
presence of the number of competing males in the formulae of some indices makes them non-
independent of ecological factors such as population size or the number of competitors. This 
issue may limit their suitability to investigate the ecological drivers of mating inequality and 
sexual selection. This is critical because it was an argument of Krakauer et al. (2011) to 
defend the usefulness of Is for the study of sexual selection. Our results do not dispute, 
however, that the index Iδ and the opportunity for sexual selection Is can be used as descriptors 
of mating monopolization in polygynous species as suggested by Jones et al. (2004), Jones et 
al. (2005), and Mills et al. (2007) for other taxa. 
Metrics commonly used to describe sexual selection may lead to different conclusions even 
when patterns of sexual selection are clear. We showed that the index Iδ, and to a lesser extent 
Is, can provide valuable information on mating inequality in polygynous species, but should 
only be used to document mating systems. Measuring the covariance between mating success 
and characters is the best approach to measure the evolution of sexually selected characters. 
Yet, even if mating inequality is a necessary condition for sexual selection to occur, the 
selection differential was not designed to inform about how matings are shared among males. 
Consequently, estimates of realized selection should be routinely accompanied by the index of 
mating inequality Iδ, and by the opportunity for selection OSM on characters that appeared to 
be the best proxy to integrate information about both sexual selection and mating inequality. 
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The appeal of population-based metrics like the opportunity for sexual selection is their 
theoretical ability to integrate mating inequality in a selection context. We showed, however, 
that the proportion of realized selection Rp over the maximum potential selection OSM on horn 
length is inconsistent, which is key to explain why the opportunity for sexual selection Is may 
fail to properly characterize sexual selection. Research on sexual selection should characterize 
its multiple components with specific metrics, rather than multiply studies where sexual 
selection is summarized by integrative but not necessarily reliable metrics. Proxies of sexual 
selection should be used carefully, especially when individual information on both sexual 
characters and mating success are not available. 
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CHAPITRE 6 
DISCUSSION GÉNÉRALE ET CONCLUSION  
1. Synthèse 
L’objectif de mon projet de doctorat était d’étudier les déterminants individuels et 
populationnels de la sélection intrasexuelle, pour les mâles d'un grand mammifère sauvage 
polygyne : le mouflon d'Amérique. Un cortège d'études - principalement indépendantes, 
expérimentales et de modélisation - a déjà fourni des éléments permettant d'affiner la 
compréhension des effets phénotypiques et populationnels sur la compétitivité des mâles et la 
sélection sexuelle (chapitre 1). Cependant, mes travaux de doctorat sont parmi les rares projets 
à intégrer dans un même cadre empirique l’étude des cibles de la sélection sexuelle et leurs 
relations, et l’étude des agents écologiques de cette sélection, en conditions naturelles.  
L’étude du déterminisme phénotypique de la compétitivité des mâles (chapitre 2) est elle-
même intégratrice puisqu’elle combine plusieurs niveaux phénotypiques : endocrinologie, 
morphologie et éthologie. La relation de causalité entre la testostérone et le comportement est 
difficile à établir : les niveaux de testostérone peuvent à la fois promouvoir des comportements 
et varier en réponse à de stimuli environnementaux. En biologie, les relations de causalité ne 
peuvent donc être établies que de façon expérimentale ou estimées par des analyses de pistes 
(Shipley 2004). Mon étude observationnelle, tenant sur une taille d’échantillon relativement 
faible, ne permet donc pas de résoudre sans équivoque la question de la causalité entre les 
niveaux de testostérone et l’acquisition des rangs sociaux en dehors de la période de 
reproduction. En revanche, je montre que les taux de testostérone sont les plus élevés quand 
les béliers commencent à se regrouper et diminuent jusqu’au rut (Pelletier et al. 2003), période 
de forts conflits sensés accroitre la production de testostérone (Wingfield et al. 1990). Ces 
résultats suggèrent donc que la testostérone initierait l’acquisition des rangs sociaux. De plus, 
l’étude des relations phénotypiques du chapitre 2 montre que la morphologie joue un rôle 
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moins important que les niveaux de testostérone sur l’acquisition des rangs sociaux. Bien que 
le rang social soit un facteur déterminant pour le succès reproducteur, ces résultats ne 
préfigurent pas la sélection intrasexuelle sur les caractères morphologiques (chapitre 3). Pour 
ce faire, l’idéal aurait été d’établir les relations des niveaux de testostérone, de la morphologie 
et du rang social avec le succès d'accouplement. Cela illustre parfaitement la valeur des études 
longitudinales et le besoin de coupler les approches proximales et ultimes dans le domaine de 
l’écologie évolutive.  
J’ai ensuite étudié comment cette compétition pour l’accouplement, qui découle de ces 
variables phénotypiques, est elle-même modulée par la structure de la population (chapitre 3). 
La population de Ram Mountain a subi d’importants changements démographiques dont j’ai 
pu détecter des conséquences sur la variation de la sélection intrasexuelle. Comme attendu, la 
sélection a constamment été à la faveur des plus fortes valeurs de longueur de corne et de 
masse, à une exception non significative près. Je montre que l’intensité de la sélection sur ces 
caractères a été dirigée par le changement du nombre de compétiteurs mais pas par le sexe 
ratio opérationnel. Cela supporte la remise en question du rôle du sexe ratio opérationnel 
comme déterminant de la sélection intrasexuelle (Kokko et al. 2012). Comme montré dans le 
chapitre 2, la compétitivité des mâles est influencée par leur âge. Il est donc intéressant de voir 
que la structure d’âge de la population n’influence pas l’intensité de la sélection. En revanche, 
la sélection n’affecte pas les individus de la même manière selon leur âge. La sélection subie 
par les individus les plus jeunes suit le même patron que la sélection sur l’ensemble de la 
population : elle s’intensifie avec leur proportion dans la population.  
J’ai replacé cette étude intégrée de la sélection intrasexuelle dans le contexte de l’étude de la 
sélection totale sur les caractères sexuels secondaires en analysant comment des effets 
paternels pouvaient influencer l’issue de la sélection intrasexuelle (chapitre 4). Les prémices 
de la théorisation de la sélection sexuelle visaient à expliquer l’évolution des caractères 
extravagants. Le travail du chapitre 3 décrivant la sélection pour l’accouplement ne permet 
pourtant pas de prédire l’évolution de la longueur des cornes puisque le succès 
d’accouplement ne reflète pas nécessairement le recrutement. La question du devenir des 
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descendants produits est centrale puisqu’elle est la dernière étape pour que la sélection 
sexuelle soit réalisée. La sélection sexuelle est-elle contrecarrée par la sélection naturelle? Si 
oui la sélection est-elle d’origine écologique comme le proposent Byers et Dunn (2012)? J’ai 
montré que les individus ayant les plus longues cornes, sélectionnés par l’accouplement, 
produisent des descendants mâles avec une meilleure survie jusqu’au sevrage, sélectionnés par 
la survie. Les effets paternels sur la survie des descendants renforcent donc la sélection 
sexuelle. Comme seuls les descendants mâles bénéficient de tels effets paternels, une 
diminution drastique du nombre des mâles aux plus longues cornes pourrait donc entrainer une 
modification du sexe ratio et diminution de l’intensité de la sélection totale sur le phénotype 
sexuellement sélectionné. Ce chapitre 4 est un rare exemple d’effets paternels en nature et met 
en lumière l’importance d’étudier les interactions entre différents processus sélectifs. 
Le chapitre 2 confirme la très forte intensité d’une sélection sexuelle à l’œuvre chez le 
mouflon d’Amérique, espèce polygyne. Ce système d’étude était donc idéal pour tester 
empiriquement l’association de différents indices de sélection sexuelle (chapitre 5), un sujet 
d’importance capitale en biologie évolutive. Mes résultats montrent que le différentiel de 
sélection ne peut pas être approximé convenablement par les indices d’asymétrie du succès 
d’accouplement ni par l’opportunité pour la sélection sexuelle. En confirmant les critiques 
faites sur les mesures populationnelles de sélection par l’utilisation de données réelles, ce 
chapitre s’imbrique dans un débat où l’intérêt de la modélisation est diminué par l’usage 
d’hypothèses biologiquement irréalistes.  
2. Discussion 
La forte sélection sexuelle documentée dans cette thèse est sensée mener à une augmentation 
mesurable de la valeur moyenne de la longueur des cornes et la masse corporelle, toutes deux 
héritables chez le mouflon d’Amérique (Coltman et al. 2005). Au contraire, Coltman et al. 
(2003) ont montré une diminution constante de la taille des cornes et de la masse depuis 1972. 
Selon ces auteurs, la chasse aux trophées est une cause directe de cette diminution 
phénotypique, associée à une diminution de leurs valeurs de croisement, en supprimant les 
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plus gros mâles reproducteurs. La chasse vient donc contrecarrer l’évolution des caractères 
sexuels secondaires promue par la sélection intrasexuelle étudiée au chapitre 3. La chasse aux 
trophées affecte également directement le sexe ratio et le nombre d’individus qui sont des 
paramètres essentiels dans la dynamique des populations (Milner et al. 2007). Mes recherches 
étendent cette vision des effets directs de la chasse aux trophées sur la démographie par les 
effets indirects de la chasse sur l’évolution du phénotype en faisant diminuer l’intensité de la 
sélection intrasexuelle et en limitant son renforcement par les effets paternels. 
Cependant, de nombreuses études ne parviennent pas non plus à montrer un changement 
phénotypique en relation avec les valeurs de sélection ou les valeurs de croisement des 
caractères (Merilä et al. 2001), sans pour autant que les activités anthropiques soient 
impliquées. Il est possible que la sélection estimée à l’échelle annuelle ne soit pas assez 
informative sur les pressions de sélection et que l’on doive étudier la valeur sélective à vie 
pour détecter un effet sélectif. Dans le cadre de cette thèse, l’emphase donnée sur les 
déterminants annuels de la sélection aurait pu être complétée par les déterminants à vie de la 
sélection sexuelle. Chez le mouton de Soay par exemple, les conditions environnementales 
durant la première année de vie influencent la sélection sexuelle à vie sur la taille des cornes 
(Coltman et al. 1999; Robinson et al. 2008). 
La question de la valeur sélective à vie offre de plus la possibilité d’étudier l’origine de la 
sélection sexuelle, qui est supposée être la conséquence de la différence intersexuelle en 
variance du succès reproducteur. Dans la lignée des idées de Crow (1958) et d’Arnold (1994) 
sur les principes de Bateman, il est logique à l’échelle annuelle pour des espèces polygynes 
qu’une variance du succès reproducteur plus grande chez les mâles que chez les femelles soit à 
l’origine de l’évolution des caractères exacerbés des mâles (Shuster et Wade 2003). Cette 
vision se base sur la distribution annuelle des succès reproducteurs des chacun des sexes. 
Cependant, la variance à vie des succès reproducteurs des mâles pourrait ne pas être différente 
de celle des femelles. À titre d’exemple, considérons deux espèces polygynes théoriques 
différant dans la stratégie reproductrice des femelles. Dans la première, les femelles adoptent 
une stratégie conservatrice ne diminuant pas les probabilités de reproductions futures ; dans la 
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deuxième les femelles subissent des coûts reproductifs importants diminuant fortement les 
probabilités de reproductions futures. La différence intersexuelle en variance du succès 
reproducteur à vie de la deuxième espèce pourrait être inférieure à celle de la première, voir 
nulle. Il peut donc paraître important de mesurer la variance en succès reproducteur à vie 
(Coltman et al. 1999; Vanpé et al. 2007). Cependant cette approche peut mener à d’importants 
problèmes. Dans le contexte de la sélection sexuelle, l’étude de la variance en valeur sélective 
à vie doit faire intervenir l’opportunité pour la sélection sexuelle, devenant la variance en 
succès d’accouplement relatif à vie (Ivie). L’opportunité pour la sélection à l’échelle annuelle 
mesure une variance relative à un contexte compétitif précis pour la population reproductrice 
totale. Au contraire, Ivie doit être calculée pour des cohortes d’individus, et n’intègre donc pas 
dans le succès individuel l’effet des compétiteurs d’autres cohortes, d’âges différents. De plus, 
à cause des différentes durées de vie des compétiteurs le calcul de Ivie ne ferait pas intervenir le 
même nombre d’évènements de reproduction pour tous. À la lumière des résultats de mon 
projet, il est clair qu’utiliser Ivie reviendrait à ignorer le fait que la sélection puisse varier 
temporellement et être expérimentée par les individus différemment selon leur âge. 
La vision de la sélection sexuelle entretenue par les principes de Bateman restreint son étude à 
la compétition pour l’accouplement. En revanche, des modèles récents (Kokko et Monaghan 
2001), corroborés expérimentalement (Fitze et Le Galliard 2008), proposent que la sélection 
sexuelle résulte principalement du coût de l’investissement reproductif de chaque sexe, 
relativement au sexe ratio opérationnel. Tester un tel modèle en nature est un véritable défi. 
Pourtant, les données du système de Ram Mountain permettraient d’étudier pour chaque sexe 
les probabilités de reproduction et de survie en fonction de variables individuelles - comme 
l’âge, le phénotype, ou l'état reproducteur en cours et passés - et populationnelles, dont les 
sexe ratio opérationnel. Appliqué à ce projet de doctorat, le modèle de Kokko et Monaghan 
(2001) prédit que l’augmentation de la sélection sur le phénotype des mâles pourrait être dûs à 
l’augmentation du coût reproductif subit par les femelles à cause l’augmentation du nombre de 
compétiteurs. Les dernières techniques d’analyse par capture-marquage-recapture 
permettraient de modéliser les probabilités de subir un coût reproductif suffisamment élevé 
pour impliquer l’absence de reproduction ou la mort. Une telle étude pourrait expliquer 
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pourquoi l’hypothèse classique selon laquelle le sexe ratio opérationnel influencerait la 
sélection sexuelle n’a pas été vérifiée dans notre population.  
L’intensification de la sélection sexuelle par les effets paternels sur la survie des descendants 
amène la question de la nature des ces effets, et implique un questionnement de l’histoire de 
vie du mouflon d’Amérique. Peut-on considérer que ces effets entrent dans le cadre de la 
théorie des « bons gènes »? Cette théorie se base sur l’idée de qualité génétique héritable des 
individus (Neff et Pitcher 2005). Par définition un « bon gène » est un allèle qui augmente la 
valeur sélective de son porteur, indépendamment du reste de son génome. L’analyse de 
l’héritabilité des différentes composantes de la valeur sélective permettrait de tester si ces 
effets paternels sur la survie des descendants mâles sont dus à de bons gènes. La survie 
différentielle des descendants mâles pourrait également être due à un investissement maternel 
différentiel jusqu’au sevrage. Il est plus coûteux de produire un fils qu’une fille (Martin et 
Festa-Bianchet 2010). Investir dans l’élevage d’un descendant mâle à la hauteur de sa qualité 
génétique permettrait donc aux femelles de maximiser le retour sur investissement de leur 
reproduction. Ces hypothèses, non exclusives, sur la nature des effets paternels amènent la 
possibilité d’un choix du partenaire reproducteur par les femelles. Ceci n’a jamais été 
formellement montré chez le mouflon d’Amérique (Hogg 1987) et pourrait donc tenir de la 
spéculation. Pourtant, le modèle de Kokko et Monaghan (2001) propose qu’un choix des 
femelles soit possible, en plus d’une compétition mâles-mâles, dès lors que la valeur sélective 
des femelles exerçant un choix est supérieure à celle des autres femelles. Ainsi, les résultats du 
chapitre 4, l’hypothèse des bons gènes et les prédictions du modèle de Kokko et Monaghan 
(2001) offrent un nouvel éclairage sur le système polygynique du mouflon d’Amérique. Les 
femelles ne tenteraient pas d’échapper aux copulations forcées des mâles subordonnés 
simplement pour éviter les risques de blessures ou de mortalité dans les milieux escarpés des 
montagnes, mais surtout pour maximiser la probabilité que la fécondation soit réalisée par 
le/les mâle(s) aux bons gènes.  
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3. Conclusion 
Cette thèse présente un projet intégrateur visant, dans un même cadre empirique, d’une part à 
associer l’étude des cibles de la sélection sexuelle et de ses déterminants populationnels, 
d’autre part à étendre la notion de sélection sexuelle à la sélection totale sur le phénotype 
sexuellement sélectionné, et enfin à explorer les relations entre les mesures de sélection. Mon 
projet a ainsi pu mettre en évidence des mécanismes écologiques assurant et modulant la 
compétitivité des mâles du mouflon d’Amérique et la sélection sexuelle. En outre, mes 
recherches contribuent à la compréhension des mécanismes ultimes de l’évolution du 
phénotype. Les conclusions sur les relations entre les paramètres démographiques et la 
sélection intrasexuelle soulignent l’importance des recherches fondamentales en écologie 
évolutive dans le cadre de la gestion des populations sauvages. 
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ANNEXE 
Comment on “Bateman in Nature: Predation on Offspring Reduces the Potential for 
Sexual Selection” 
Science 340, 549 (2013) doi: 10.1126/science.1233246 
Patrick Bergeron*, Alexandre M. Martin*, Dany Garant, Fanie Pelletier. *Contribution égale. 
 
Abstract 
Byers and Dunn (Reports, 9 November 2012, p. 802) claimed that predation on offspring 
reduced the potential for sexual selection in pronghorn. We argue that the potential for sexual 
selection is not affected by random offspring mortality when relative reproductive success is 
considered and increases when measured with the opportunity for selection, a metric that 
describes the potential for selection. 
Main Text 
Byers and Dunn (1) conducted a 10-year study on pronghorn (Antilocapra americana), in 
which they investigated the effect of natural selection on sexual selection by measuring how 
the Bateman slope, defined as the slope of a linear regression of the number of offspring on 
the number of mates (2-4), changed according to fawn mortality. They concluded that 
predation on fawns reduced the potential for sexual selection. We argue this conclusion is 
questionable for three reasons that we detail below.  
First, in analyses of sexual selection, the number of offspring is traditionally measured during 
the period when the fertilization of ova occurs (3-5). By choosing the number of offspring at 
weaning as a proxy of male reproductive success, the authors incorporated a strong component 
of random natural selection, as most predation happens prior to weaning. It is inevitable that 
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Bateman slopes will, on average, decrease proportionally to offspring mortality rate, compared 
to the Bateman slope measured at birth. To illustrate this point, we generated data for a 
population with a highly skewed distribution of paternity. We assumed that females can 
produce only 1 young and that each mating leads to fertilization. In this context, the Bateman 
slope is 1 prior to any mortality selection on offspring (Fig. 1).  
 
 
Figure 1. Bateman slopes simulated over 1000 iterations at 0% (black) and 70% (grey) 
offspring mortality. Based on the assumptions that all copulations are successful and 
that females produce only one offspring per mating, Bateman slope at birth equals 1. 
The right axis presents the frequency distribution of the Bateman slope calculated for a 
simulated 70% random mortality over 1000 iterations. 
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Then, we simulated 1000 episodes of random juvenile mortality for a given mortality rate and 
calculated the mean Bateman slope. A mortality rate of 70% (0.70) caused the Bateman slope 
to decrease proportionally to 0.30 (Fig. 1; see Fig. 1E and 1F in (1)). We repeated this 
procedure using several mortality rates and also found that Bateman slopes decrease as 
mortality rates increase (Fig. 1 and 2). The arithmetic relationship between Bateman slopes 
and mortality, however, explain all the variation in the data (r2= 0.999, Fig. 2).  
 
 
Figure 2. Bateman slopes (filled circles), Bateman slopes calculated on relative 
reproductive success (empty circles), and the opportunity for selection (triangles) 
calculated at different juvenile mortality rates. Points show mean values ± SD for 1000 
iterations at each mortality rate. 
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This relationship was also very high in Byers and Dunn study where most of the variation 
observed in their Fig. 1F was mirrored by variation in fawn mortality (Fig 1E - see also their 
Fig. 3, r2 = 0.87). It is therefore not surprising that only fawn mortality is significant in their 
Table 2, which also presents an over parameterized model of the effects of 6 highly collinear 
variables (see for instance Fig. 1A and 1B in (1)) on Bateman slopes based on a sample size of 
10. 
Second, we argue that Byers and Dunn should have used relative rather than absolute 
measures of reproductive and mating success to compare Bateman slopes. Assuming that 
predation is independent of male mating and reproductive success, the relative reproductive 
success of males measured on weaned offspring should remain the same as that measured at 
birth. In our simulation, Bateman slopes based on relative measures of reproductive success 
obtained prior and after random fawn mortality were nearly identical (Fig. 2). This result 
contradicts Byers and Dunn’s assertion that natural selection decreases the potential for sexual 
selection. 
Third, we do not agree with Byers and Dunn that the Bateman slope represents the potential 
for selection, as it quantifies how differences in mating success actually translate into 
reproductive success (3, 4). The upper limit of sexual selection is typically described by the 
opportunity for selection I, which increases with the variance in reproductive success (3, 4). 
Random predation on offspring could increase variance in male reproductive success. As such, 
I estimated in (1) increases when measured on fawn survival to weaning compared to when it 
is measured on mating success, suggesting that the potential for sexual selection in this 
population actually increases with fawn mortality. Our simulation also supports this contention 
(Fig. 2).  
Contrary to Byers and Dunn, we conclude that the potential for sexual selection does not 
change with increasing random natural mortality when measured by a Bateman slope and 
increases when measured with the opportunity for selection. The usefulness of the opportunity 
for selection and the Bateman slope to quantify the potential for selection have been 
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questioned (6, 7 but see 8). Therefore it remains unknown whether environmental variation 
can short-circuit or promotes sexual selection in nature. 
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